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Background

ur society places great importance on the education system and

its schools, and has a tremendous investment in current and fu-

ture schools. Nearly 50 million students were expected to attend
approximately 99,000 public elementary and secondary schools in the
fall of 2009, with an additional 5.8 million expected to attend private
schools.! The sizes of these school facilities range from one-room rural
schoolhouses to citywide and mega schools that house 5,000 or more
students. The school is both a place of
learning and an important community re-
source and center.

This publication is concerned with the i
protection of schools and their occu- s
pants against natural hazards. Architects
and engineers deal with natural hazards -
in building design and construction and
building codes have provisions for protec-

tion against natural hazards.

This manual addresses two core concepts: multi-hazard design and per-
formance-based design. Neither is revolutionary, but both represent an
evolution in design thinking that is in tune with the increasing complex-
ity of today’s buildings and that takes advantage of developments and
innovations in building technology:

1 U.S. Department of Education, National Center for Education Statistics, Fast Facts, Back to
School Stats, http:/nces.ed.gov/fastfacts/display.asp?id=372, accessed April 19, 2010.
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Multi-hazard design recognizes the fundamental characteristics of
hazards and how they interact, so that design for protection becomes
integrated with all the other design demands.

Performance-based design suggests conducting a systematic investi-
gation to ensure that the specific concerns of building owners and
occupants are addressed, rather than relying on only the minimum
requirements of the building code for protection against hazards.
Building codes focus on providing life safety, while property pro-
tection is secondary. Performance-based design provides additional
levels of protection that cover property damage and functional inter-
ruption within a financially-feasible context.

This publication stresses that the identification of hazards and their fre-
quency and careful consideration of design to resist these hazards must
be integrated with all other design issues, and be included from the in-
ception of the site selection and building design process. Although the
basic issues to be considered in planning a school construction program
are more or less common to all school districts, the specific processes
differ greatly because each school district has its own approach. Districts
vary in size, from a rural district responsible for only a few schools, to
a city district or statewide system overseeing a complex program of all
school types and sizes. Any of these districts may be responsible for new
design and construction, renovations, and additions. While one district
may have a long-term program of school construction and be familiar
with programming, financing, hiring designers, bidding procedures,
contract administration, and commissioning a new building, another
district may not have constructed a new school for decades, and have no
staff members familiar with the process.

Scope

his publication is intended to provide design guidance for the

protection of school buildings and their occupants against natu-

ral hazards. It focuses on the design of elementary and secondary
schools (K-12), as well as repair, renovation, and additions to exist-
ing schools. It is one of a series of publications in which multi-hazard
and performance-based design are addressed (FEMA 577, Design Guide
Sfor Improving Hospital Safety in Earthquakes, Floods, and High Winds, and
FEMA 543, Design Guide for Improving Critical Facility Safety from Flooding
and High Winds) .

This publication considers the safety of school buildings to occupants,
and the economic losses and social disruption caused by building dam-
age and destruction. The volume covers three natural hazards that have
the potential to result in unacceptable risk and loss: earthquakes, floods,
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and high winds. A companion volume, FEMA 428, Primer to Design Safe
School Projects in Case of Terrorist Attacks, covers the manmade hazards of
physical, chemical, biological, and radiological attacks.

This publication is intended to assist design professionals and school of-
ficials involved in the technical and financial decisions related to school
construction, repair, and renovations.

Organization and Content of the Manual

hapters 1-3 present issues and background information that are

common to all hazards. Chapters 4-6 cover the development of

specific risk management measures for each of the three natural
hazards addressed.

Chapter 1 opens with a brief outline of the past, present, and future of
school design. Past school design is important because many of these
older, and even historic, schools are still in use and may be exposed to
the effects of earthquakes, floods, and high winds.

Chapter 2 introduces the concept of performance-based design, an ap-
proach to design that is driven by the desired performance of a new or
retrofitted facility.

Chapter 3 introduces the concept of multi-hazard design and presents
a general description and comparison of the hazards, including charts
that show how the design to resist one hazard may interact with the de-
sign for other hazards.

Chapters 4, 5, and 6 outline how to address risk management
concerns for protection of schools against earthquakes, floods,
and high winds, respectively. Information is presented on the
nature of each hazard and its effect on vulnerability, as well as
and the consequences of building exposure. Procedures for
risk assessment are followed by descriptions of current meth-
ods of reducing the effects of each hazard. These methods
vary, depending on the hazard under consideration.

Appendix A contains a list of acronyms that appear in this
manual.

This publication provides recommendations to create safe
schools, but is necessarily limited. Readers should not ex-
pect to use the information directly to develop plans and
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specifications. Rather, the information is intended to help designers
and facility decision-makers, who may be unfamiliar with the concepts
involved, to understand fundamental approaches to risk mitigation plan-
ning and design. With this understanding, they can then approach the
implementation phase of detailed planning, which involves consultants,

procurement personnel, and project administration.
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This cement fiber siding was attached with blind nails (red
circle). Because of the high design wind speed, face nails
should have been used (blue circle). Hurricane Francis

(F1orida, 2004) ..eeiiieeeiiiee ettt ettt e e et e e s reeesenrteeesnsbeeesnnnreeesennnes

Three of the panel ribs opened up (one to the right of the
blue arrow and two to the left). The LPS conductor serving
the air terminal (red arrow) ran underneath the ridge
flashing. Estimated wind speed: 105-115 mph.

Hurricane Ivan (Florida, 2004) ......coooiiiiiieeee oot

The blown off insulation (red arrow) may have initiated
blow-off of the roof membrane. Estimated wind speed: 105-

115 mph. Hurricane Ivan (Florida, 2004) ..........cccoccooviiiiiiiiiiiiiiiiicee,

The orientation of the membrane fastener rows led to blow-

off of the steel deck. Hurricane Marilyn (U.S. Virgin Islands, 1995) .................

The ink pen shows an opening that the wind can catch to

cause lifting and peeling of the membrane..............cccoccoiiiiii

The metal edge flashing on this building disengaged
from the continuous cleat and the vertical flange lifted.

Hurricane Hugo (South Carolina, 1989) .........ccccooviiiiiiiii,

The coping blew off because of inadequate attachment of
the cleats. Estimated wind speed: 92 mph. Hurricane Ike

(TTEXAS, 2008) .neeeiiiieeeeeee ettt ettt e e e e e ettt et e e e s s sttt eeeeeeessabbbaeaeeeeeeannne
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The original modified bitumen membrane was blown away
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At this gutter, a fastener connected the bracket to the gutter.

Note: To avoid leakage at the fasteners between the bracket

and gutter, the bracket should extend near or to the top of
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Blow-off of this downspout resulted in glazing breakage.
Estimated wind speed: 105-115 mph. Hurricane Ivan
(Florida, 2004) .....c.ooiiiiiiiiiiiii s 6-85

If mechanically attached base flashings have an insufficient
number of fasteners, the base flashing can be blown away.
Hurricane Andrew (Florida, 2004) ...........uuvuiiiiiieiiiiiiieeieeeieeeeeeeeeeeeeeeeeeseeeseeeeeeeeeeee 6-85
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These wire-tied tiles were installed over a concrete deck.
The failure was attributed to lack of vertical restraint, which
allowed the tiles to lift and then be broken when they
slammed back down onto the deck. Typhoon Paka

(GUAT, 1997) oo e e e s e s e es e s s e esse

This mechanically attached single-ply membrane
progressively tore after being cut by wind-borne debris.

Hurricane Andrew (Florida, 1992) ........ovviiiiiiiiiiieeeee e eeereee e

A continuous peel-stop bar over the membrane may prevent
a catastrophic progressive failure if the edge flashing or

coping is blown off. (Modified from FEMA 55, 2000) ..........cc.ccccoovviiniiiininnnnn.

Several rubber walkway pads were blown off the single-ply
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struck. A substantial amount of water was able to enter the
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LPS conductors and missing walkway pad (red arrow).
Estimated wind speed: 140-160 mph. Hurricane Charley

(FLOTIAR, 2004) 1.1 veo oo eeee e e e e eeeeeeeee e e ee e se e seeees e eeeeeseeseeeeens

Cables were attached to prevent the cowling from blowing

off. Typhoon Paka (Guam, 1997) ......cccoceviriririniiiiieicccecceeeeee e
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LPS conductor, as illustrated in Figure 6-113
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If conductors detach from the roof, they are likely to
pull out from pronged splice connectors. Estimated wind
speed: 90-100 mph. Hurricane Charley (Florida, 2004) ..........ccccccoviiiininnnn.
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(MissisSippi, 2005) c..eeiuiiiiiiiiiiiiiiie i

In lieu of permanent on-site emergency generators,

portable generators can be an economical way to provide
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Design Guide
for Improving School Safety
in Earthquakes, Floods, and High Winds

An Overview of
the School Design and
Construction Process

1.1 Introduction

his chapter presents an overview of the school building to provide

a context for the chapters that follow. Every building is unique and

school designs vary greatly; however, the purpose of schools, their
occupancy, their economic basis, and their role in society dictate certain
common features that distinguish them from other building types.

A summary of the national public school inventory is also presented (i.e.,
the number of students housed and the number of schools included)
and projections of future needs are outlined. The sections that follow
describe school design of the past, because many older schools are still in
use and must be renovated periodically to meet today’s needs, and cur-
rent school design with some trends and ideas that might influence the
design of future schools.
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AN OVERVIEW OF THE SCHOOL DESIGN AND CONSTRUCTION PROCESS

1.2 School Construction: The National Picture

n 2005, the estimated value of the nation’s public school inventory

was well over $361.6 billion.' In 2009, of the almost 98,800 public el-

ementary and secondary schools, 31 percent were located in small
towns and rural areas and served 43 percent of the students, while 69
percent were located in cities and suburban areas and served 57 percent
of the students (U.S. Department of Education, 2009).

The total number of schools in the U.S. increased by 10,600 between 1997
and 2007 (U.S. Department of Education, 2009). More than half of all
schools are at least 40 years old and, even with minor renovations, many
have passed their prime in terms of adaptability to
modern teaching methods and tools (e.g., comput-
ers, in-class electronic information displays, and
group learning activities). Almost all States require
school facilities to be replaced with new construc-
tion once renovation costs reach a specified level
(usually 60 percent).? Estimates from the late 1990s
indicated approximately $100 to over $300 billion would be needed to
bring our nation’s schools up to conditions considered to meet then-
current standards.

The purpose of schools, their occupancy,
their economic basis, and their role in so-
ciety dictate certain common features that
distinguish them from other building types.

In 2001, the decade-long growth in kindergarten to grade 12 (K-
12) new school construction peaked while deferred maintenance
and poor construction quality of many post-World War II schools
resulted in a huge renovation demand. From 1999 through 2008,
the National Clearinghouse for Educational Facilities reported that
$298.16 billion was spent on the construction of nearly 15,000 el-
ementary, middle, and high schools (National Clearinghouse for
Educational Facilities, 2010).

1.3 Past School Design

chools are typically in use for long periods of time. As a result,
even today, instruction continues in facilities that were designed
and constructed at the beginning of the 20th century. Early 20th-
century school design was based on late 19th-century models and few
design changes were implemented until after World War II. Schools
ranged from one-room rural school houses to major symbolic civic

1 Conservative estimate based upon elementary and secondary school averages developed
with the help of Paul Abramson, President of Stanton Leggett & Associates, Education
Consultants.

2 Use of this estimate as a decision tool was developed by Basil Castaldi, Education Facilities,
Planning, Modernization and Management (1994).
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structures in large cities (Figures 1-1 and 1-2). Many inner city schools
were more modest, inserted into small sites on busy streets and con-
strained by budget limitations (Figure 1-3).

=
ol
&
;

=
T
'f‘

The typical city school was one to three stories in height and consisted of
rows of classrooms on either side of a wide, noisy corridor lined with met-
al lockers. Typical outdoor recreational areas were asphalt play courts
and rooftops. The larger schools sometimes had libraries, special rooms
for art, science, and shop, and auditoriums.

The construction surge to meet the demands of the post-war baby boom
was primarily a suburban development. Much larger sites were available,
buildings were one or two stories in height, auditoriums became multi-
use facilities, and large parking lots appeared.

Figure 1-1:
One-room schoolhouse,
Christiana, DE, 1923

Figure 1-2:
High school, New York
City, NY, 1929
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Figure 1-3:
Elementary school,
Washington, DC,
constructed in 1930

Despite the growth of suburban construction, the fundamental design
with classrooms along double-loaded corridors did not change very
much. However, in warm climates, the one-story “finger plan” school,
typically constructed of wood and a small quantity of steel, was both
economical and less institutional in feel. For this design, the noisy dou-
ble-loaded corridor is replaced by a covered walkway, often open to the
air, with the classrooms on one side and a grassed court on the other

(Figure 1-4). The cross-section diagram in Figure 1-4 shows the simple
and effective means this configuration allowed for day lighting and ven-
tilation. Compact versions of these plans appeared as schools became
larger and sites smaller (Figure 1-5).

Historically, inner-city high schools have been large facilities, housing
2,000 to 3,000 students (Figure 1-6). In the 1960s and 1970s, educa-
tional methods such as team teaching prompted large open classrooms
with poor acoustics (Figure 1-7). Some of these new large high schools
were built as air-conditioned enclosures, with many windowless class-
rooms, in buildings that resembled the shopping malls that were
replacing the main street retail centers (Figure 1-7). At the same time,
many schools were expanded by adding classrooms to accommodate
increasing enrollments. Although portable classrooms were originally
intended as temporary space, many are now used as permanent class-
rooms (Figure 1-8).
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Figure 1-4:

T LT T Typical finger plan
L school, 1940s

Figure 1-5:
Compact courtyard
plan, 1960s
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Figure 1-6:
Fountain Valley High
School, Huntington Social
Beach, CA, 1964 Science
Drafting
Library -
English
[ 1]
g 65|z 2s o
E g2l523
Figure 1-7:

Open enclosure plan
teaching area, with
movable screens and
storage, Rhode Island,
1970
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Figure 1-8:

Typical portable
classrooms, 1980s, still
in use

Schools built in the 1980s and 1990s assumed a wide variety of forms,
often combining classrooms into clusters and focusing on providing an
attractive learning environment (Figure 1-9). However, demographic
needs, shortage of affordable land, and limited construction budgets
also resulted in some conversions of existing buildings not original-
ly intended for educational purposes (Figure 1-10). Note the exterior
cross bracing for the converted industrial building in Figure 1-10. The
building required extensive retrofitting to meet California’s seismic re-
quirements for schools.

Figure 1-9:
Elementary school,
Fairfield, PA, 1980s
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Figure 1-10:

Private high school
located in a remodeled
industrial building, Palo
Alto, CA

1.4 Present School Design

t the beginning of the 21st century, evolving social, economic,

and educational concerns prompted a number of changes in

school design. New design goals have begun to emerge, though
some of the following have always been considered:

The building should provide for health, safety, and security.

The learning environment should enhance teaching and learning
and accommodate the needs of all learners.

Thelearning environmentshould serve asa center for the community.

The learning environment should result from a planning/design
process that involves all stakeholders.

The learning environment should allow for flexibility and adaptabil-
ity to changing needs.

The learning environment should make effective use of all available
resources.
These goals have lead, in turn, to a number of current design principles,
including:
Design for protection against natural hazards
Design with increased attention to occupant security
Design with increased use of day lighting and comfort control

Design for durability
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Long-life/loose-fit approach: design for internal change and
flexibility

Design for sustainability (also referred to as environmentally friendly
construction, green construction, and green building)

Some new schools already respond to these needs and, indeed, their
originators, school districts, communities, and designers are among
those defining school design for the future. Some of the changes are the
result of ideology and analysis. Other changes reflect efforts to provide
an improved learning environment and enhanced learning resources
in an economy with increasingly limited funding for school construc-
tion. Some school districts will be faced with having to provide a minimal
learning environment with buildings of the utmost simplicity, while meet-
ing the requirements for health, safety, and security.

In recent years, building methods that recognize “green” building prac-
tices for both new construction and renovation have become increasingly
available. One example is the California Green Building Standards Code,
which became effective in August 2009 (California Building Standards
Commission, 2009). As interest in sustainability increases and more
school districts seek to implement various aspects of green building
design, construction, and maintenance practices, design professionals
are incorporating new approaches to make buildings more energy effi-
cient and sustainable with respect to impacts on the environment. These
approaches are already having a significant influence on building con-
struction, and are likely to have greater influence as proven, innovative
designs are incorporated into regular practice. A wealth of guidance on
green design and construction practices that is specific to schools—both
for new construction and renovations—is being developed, and rating
systems are being strengthened and utilized to better guide those in-
volved in the process to more sustainable solutions.

1.5 Future School Design

chools will continue to vary widely in size. However, even in many

suburban areas suitable land has become increasingly scarce and

expensive. Sprawling one-story campuses will become less com-
mon and more schools will be more compact and multi-story (Figure
1-11). The desire for more humanistic environments and the rejection
of traditional school plans will likely result in more imaginative and
more complex layouts (Figure 1-12), while the move to re-populate in-
ner cities may result in the construction of dense and compact schools.
Despite evidence of a trend towards larger buildings, many educational
researchers believe that students improve their learning skills best in
smaller schools.
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Figure 1-11:
West High School,
Aurora, IL, 2000

Although constructing more small schools may
be economically unrealistic, methods of orga-
nization are being explored that provide some
of the benefits of small size within a large phys-
ical complex. Some schools are organized into
“learning academies” for each grade, with class-
rooms that can expand and contract, along with
other activity rooms of various sizes.

Other researchers believe that the convention-
al library will disappear. The trend in many new
schools is for the library to take the form of a
multi-media center and material collections, in-
cluding laptop computers that are distributed
from mobile units to “classroom clusters.”

Schools are increasingly seen as community

Figure 1-12:
Elementary school,
Oxnard, CA, 2000

resources that go beyond their primary educa-
tional functions. Adult education and community
events now take place on evenings, weekends, and throughout tradition-
al vacation periods. These uses provide affordable means to enhance
community service resources by maximizing a facility’s utilization.

There is a growing awareness of the importance of recognizing natural
hazards that may affect schools. The likelihood of earthquakes, floods,
hurricanes, and tornadoes will continue to be, at some locations, a source
of worry and fear. Aside from protecting students, schools in earthquake-
prone regions are often used as post-earthquake shelters and schools
in hurricane- and tornado-prone regions are also used as shelters. In
California, the State’s Field Act, enacted in 1933 following the Long
Beach earthquake, requires public schools to be designed by a licensed
architect or engineer and the Department of the State Architect is re-
quired to check plans and inspect construction. Elsewhere, floods and
high winds occur with sufficient frequency that resistance to their effects
must be addressed by knowledgeable designers and good construction
practices.
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Regardless of the size and scope of a project, a num-
ber of planning steps should be taken by school
districts and their design teams. For a small project,
the steps may entail relatively informal meetings
among a few district staff, the school board, and
others. For a larger program, formal procedures should be established
to include the following steps.

1.6 The Design and Construction Process

ertain basic steps are necessary and certain basic procedures must
be followed for any school construction program. The actual pro-
cedures followed will vary greatly in scope between the design of

a single small elementary school and the development of a multi-school
program that involves both new and remedial construction. Review
and regulation procedures by outside agencies will also vary. Internal
decisions by a school district regarding the design and construction
process (e.g., conventional architect design and
competitive construction bid, design/build, or
construction manager) will affect the scope and
timing of some of the activities.

Conduct an in-house assessment of the educational needs, often
with the assistance of a public education committee and consultants.
Contributions of the committee continue throughout the program-
ming and design process, and may involve acquiring input from
specialists as necessary at different stages for a large program.

Determine the size and scope of the proposed program. (In a small
district, an architect may be employed to assist the school district
with this task; the architect may later become the design architect.)

Conduct a siting assessment to determine the size and availability
of sites (and lease/purchase as necessary) and to identify avoidable
site constraints such as the presence of flood hazard areas, wetlands,
and steep slopes.

Develop educational specifications by in-house staff and/or
consultants.

Conduct a financial assessment.

Identify financial resources, including alternative sources of fund-
ing (e.g., State and Federal programs, local taxes, bond issues).

Ensure funding is made available (e.g., obtain State grants or pass
bond issue).

Many of the steps in the design and con-
struction process are appropriate when
evaluating existing schools for proposed
renovation. Specific factors to consider
when evaluating seismic, flood, and wind
hazards at existing schools are described
in this design guide.
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Appoint district building program management staff (appointed of-
ficials or a committee).

Determine the design and construction process (i.e., conventional
design and bid, design/build, or construction management).

Select and hire architects and other special design consultants or de-
sign/build team members; the timing of hiring will vary depending
on the number of projects, whether programming is involved, and
other variables.

Develop building programs, including building size, room size,
equipment, and environmental requirements; this may be done by in-
house staff and/or architects or independent program consultants.

Appoint a district staff and public stakeholders committee for the
design phase.

Develop designs (architects) and cost estimates. Hold public meet-
ings with architects and encourage public input into the design;
conduct district progress reviews.

Complete design and conduct district review of contract documents.

Submit construction documents to permitting agencies for review
and approval.

Submit documents to building department and other required
agencies.

Select the contractor (bidding) or finalize design/build or construc-
tion management contracts.

Begin school construction.

Administer construction contract.

Initiate architect observations and inspections as required.
Complete school construction.

Obtain occupancy permit from the building department.
Obtain architect acceptance.

Obtain school district acceptance.

Commission and occupy school.

The sequence of the above steps may vary, depending on the complex-
ity of the program, and some steps may be implemented simultaneously.
The flow chart in Figure 1-13 illustrates the typical process and identifies
how specific activities related to design for natural hazards fit into the
general planning and design process.

1-12 DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS



AN OVERVIEW OF THE SCHOOL DESIGN AND CONSTRUCTION PROCESS
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Figure 1-13: Design and construction process flow chart

DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS 1-13



AN OVERVIEW OF THE SCHOOL DESIGN AND CONSTRUCTION PROCESS
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Design Guide
for Improving School Safety
in Earthquakes, Floods, and High Winds

Performance-Based
Design

2.1 Background

he model building codes define the minimum design require-

ments to ensure the safety of occupants during specific design

events. Recent natural disasters have prompted recognition that
significant damage can occur even when buildings are compliant with
the building code. Many critical facilities, including school buildings,
are closed after natural disasters, even if damage is relatively minor, sug-
gesting that satisfying the minimum code criteria may not be sufficient
to ensure continued functionality. Communities also depend on school
buildings to provide reliable shelter and critical services. In order to meet
that need, school buildings should be designed
and constructed according to criteria that result in

) ) ) ) The term “performance,’ as it relates
continued and uninterrupted functionality.

to exposure to natural hazards, usually
refers to a building’s condition after

a disaster, i.e., it signifies a level of
damage expected or a load that can be
resisted.

Building performance is an indicator of how well
a structure supports the defined needs of its users.
Acceptable performance indicates acceptable (or
tolerable) levels of damage or condition that allow
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uninterrupted facility operation. Consequently, performance-based de-
sign is the process or methodology used by design professionals to create
buildings that protect functionality and the continued availability of
services.

The performance-based design approach is not proposed as an immedi-
ate substitute for design to traditional codes. Rather, it can be viewed as
an opportunity to enhance and tailor the design to match the objectives
of the community’s stakeholders. For a school project, the stakeholders
include everyone who has an interest in the successful completion of
a school project (i.e., the school board members, responsible officials,
members of the design team, the builders, the community at large, par-
ents, and code enforcement officials). The design team is made up of the
architects, engineers, and other design professionals and consultants.

Performance-based codes define acceptable or tolerable levels of risk
for a variety of health, safety, and public welfare issues. Currently, codes
include the International Code Council Performance Code for Buildings and
Facilities (ICC PC) produced by the International Code Council (ICC,
2009), and the NFPA 5000. Building Construction and Safety Code (NFPA,
2009) and NFPA 101: Life Safety Code (NFPA, 2008) produced by the
National Fire Protection Association (NFPA). The ICC PC addresses all
types of building issues, while the provisions of NFPA 101, “Performance-
Based Option,” address only issues related to “life safety systems.” NFPA
5000 sets forth both performance and prescriptive options for design
and construction.

The various prescriptive building, fire, and life safety codes all contain
provisions for what is known as “alternative methods and materials” or
“equivalency.” These provisions allow for the use of methods, equip-
ment, or materials not specified or prescribed in the code, provided
the alternative is approved by the code official. A performance-based
design approach can be employed under these provisions. While the
“alternative methods and materials” clause of the prescriptive codes
allows the use of performance-based design procedures, the 2010 edi-
tion of the American Society of Civil Engineers (ASCE) Standard 7,
Minimum Design Loads for Buildings and Other Structures, addresses per-
formance-based design when the standard is used directly, without
reference from a building code.

Within ASCE 7-10, “Performance-based Procedures” represent one of
three approaches for design. Under the performance-based approach,
both structural and nonstructural components and their connections
must be shown to provide a reliability not less than that expected under
the approach referred to as the “strength procedures.” A combination
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of testing and analysis can be used to demonstrate the achievement of
target reliability that is described in the Commentary that accompa-
nies ASCE 7. Factors that affect target reliability include Risk Category
(or Occupancy Category), extent of structural failure, and whether
loading conditions include or exclude earthquake.

In 2006, FEMA published FEMA 445, Next-Generation Performance-Based
Seismic Design Guidelines. Program Plan for New and Existing Buildings.
This document includes guidance for developing detailed modeling,
simulation of building response to extreme loading, and estimates of
potential casualties, loss of occupancy, and economic losses. The out-
lined process allows the design of a building to be adjusted to balance
the level of acceptable risks and the cost of achieving the required lev-
el of building performance. Although the process outlined in FEMA
445 is applied to seismic hazards, it can be generalized for application
to other hazards.

2.2 Prescriptive vs. Performance-Based Design

esign and construction in the United States is generally regulated

by building codes and standards. Building codes are intended to

ensure the health, safety, and well-being of people in buildings
by establishing minimum requirements to address structural strength,
adequate means of egress, sanitary equipment, light and ventilation,
and fire safety. Building codes may also promote other objectives, such
as energy efficiency, serviceability, quality or value, and accessibility for
persons with disabilities. These prescriptive standards are easy for archi-
tects and engineers to understand, and easy for community inspectors
to monitor. This ease of use is their great strength.

Historically, building codes have been based on a prescriptive approach
that limits the available solutions for compliance. Prescriptive or spec-
ification-based design emphasizes the “input,” or the materials and
methods required. In contrast, the focus of performance-based design is
the “output,” or the expectations and requirements

of the building’s primary users and stakeholders. The ICC PC dsfines performance-based

design as “An engineering approach to
design elements of a building based on
agreed upon performance goals and objec-
tives, engineering analysis and quantitative
assessment of alternatives against the
design goals and objectives using ac-
cepted engineering tools, methodologies
and performance criteria.”

This approach provides a systematic method for as-
sessing the performance capabilities of a building,
system, or component, which can then be used to
verify the equivalent performance of alternatives,
deliver standard performance at a reduced cost, or
confirm the higher performance needed for criti-
cal facilities such as schools.
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Figure 2-1:
Performance-based
design flow diagram
SOURCE: HAMBURGER, 2003

2.3 The Performance-Based Design Process

he performance-based design process explicitly evaluates how

building systems are likely to perform under a variety of conditions

associated with potential hazard events. The process takes into
consideration the uncertainties inherent in quantifying the frequency
and magnitude of potential events and assessing the actual responses of
building systems and the potential effects of the performance of these
systems on the functionality of buildings. Identifying the performance
capability of a facility is an integral part of the design process and guides
the many design decisions that must be made. Figure 2-1 presents the
key steps in this iterative process.

Performance-based design starts with selecting design criteria articu-
lated through one or more performance objectives. Each performance
objective is a statement of the acceptable risk of incurring different lev-
els of damage and the consequential losses that occur as a result of this
damage. Losses can be associated with structural or nonstructural dam-
age, and can be expressed in the form of casualties, direct economic
costs, and loss of service costs. Loss of service costs may be the most
important loss component to consider, especially for critical facilities
such as schools.

Select Performance
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T

Y
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Design

Assess Performance
Capability
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Objectives Objectives?
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Acceptable risks are typically expressed as accept-
able losses for specific levels of hazard intensity Hazard. A source of potential danger or

and frequency. They take into consideration all adverse conditions. Natural hazards in-
the potential hazards that could affect the build- clude events such as floods, earthquakes,
ing and the probability of their occurrence during tornadoes, tsunamis, coastal storms, land-
a specified time period. The overall analysis must slides, and wildfires.

consider not only the intensity and frequency of
occurrence of hazard events, but also the effec-
tiveness and reliability of the building systems to
survive the event without significant interruption
in the operation.

Risk. The estimated impact that a hazard
event would have on people, services,

an adverse condition that causes injury or
damage.

2.4 Acceptable Risk and
Performance Levels

he performance-based design process begins with establishing

the acceptable risk and appropriate performance levels for the

building and its systems. Acceptable risk is the maximum level of
damage to the building that can be tolerated from a realistic risk event
scenario or probability. The ICC PC formalizes four performance levels
in terms of tolerable levels of damage to the building, its contents, and
its occupants that apply to all types of hazards. Types of damage vary ac-
cording to the hazard. The four performance levels are as follows:

Mild Impact. At the mild impact level, there is no structural damage
and the building is safe to occupy. Injuries are minimal in num-
ber and minor in nature. Nonstructural systems needed for normal
use and emergency operations are fully functional. Damage to con-
tents is minimal in extent and minor in cost. Minimal hazardous
materials are released to the environment.

Moderate Impact. At the moderate level, moderate, repairable
structural damage, and some delay in re-occupancy is expected.
Nonstructural systems needed for building use are fully operational,
although some cleanup and repair may be required. Emergency sys-
tems remain fully operational. Injuries may be locally significant, but
are generally moderate in number and in nature; the likelihood of
a single life loss is low and the likelihood of multiple life loss is very
low. Some hazardous materials are released to the environment, but
the risk to the community is minimal.

High Impact. At the high impact level, significant damage to struc-
tural elements, but no large falling debris, is expected. Repair of
structural damage is possible, but significant delays in re-occupancy
can be expected. Nonstructural systems needed for normal building
use are significantly damaged and inoperable. Emergency systems

facilities, and structures in a community, or
the likelihood of a hazard event resulting in
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may be significantly damaged, but remain operational. Injuries to
occupants may be locally significant with a high risk to life, but are
generally moderate in number and nature. The likelihood of a sin-
gle life loss is moderate, and the likelihood of multiple life loss is low.
Hazardous materials are released to the environment and localized
relocation is required.

Severe Impact. At the severe impact level, substantial structural dam-
age is expected and repair may not be technically feasible, though
all significant structural components continue to carry gravity load
demands. The building is not safe for re-occupancy, because re-oc-
cupancy could cause collapse. Nonstructural systems for normal
use may be inoperable, and emergency systems may be substantially
damaged and inoperable. Injuries to occupants may be high in num-
ber and significant in nature. Significant hazards to life may exist.
The likelihood of single life loss is high and the likelihood of multi-
ple life loss is moderate. Significant amounts of hazardous materials
may be released to the environment and relocation beyond the im-
mediate vicinity is required.

The 2012 edition of the ICC PC will use the same system to classify per-
formance groups that is used in ASCE 7-05 to classify structures. The
groups are based on use or occupancy and each has different require-
ments. Prior to the 2010 edition, the ASCE 7 classification of structures
included schools in Occupancy Category III and Occupancy Category
IV, based on capacity. ASCE 7-10 categorizes buildings and structures
into “risk categories” and no longer includes occupancy type. The risk
categories are equivalent to the “performance groups” that are used in
the ICC PC. The performance groups that apply to schools include:

Performance Group IV (Risk Category IV) includes buildings and
structures designated as essential facilities, and those for which fail-
ure could pose a substantial hazard to the community. Essential
facilities are defined as those “intended to remain operational in
the event of extreme environmental loading from wind, snow, or
earthquakes.”

Performance Group lll (Risk Category III) includes buildings and
structures for which failure could pose a substantial risk to human
life and those not included in Risk Category IV with “potential to
cause a substantial economic impact and/or mass disruption of day-
to-day civilian life in the event of failure.”
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The ICC PC relates performance group and the maximum level of dam-
age to be tolerated for different magnitudes of design events, as shown
in Figure 2-2. Figure 2-3 relates the magnitude of design event to the
mean return period (recurrence interval) for seismic, flood, and wind
hazards. For example, consider a Performance Group III building that
the stakeholders determine should be designed such that it will have
a “moderate” level of performance (or moderate damage is the maxi-
mum level of damage to be tolerated). As indicated by Figure 2-2, to
provide that level of performance, the building must be designed for
large (or rare) events. And, based on Figure 2-3, if it is located in an area
exposed to seismic risk, it should be designed for a seismic event that
has a 475-year return period. To address flooding, the designers would
have to determine the site-specific exposure (i.e., whether the location
is exposed to flood hazards in addition to the 1l-percent-annual-chance
[100-year] flood, such as levee failure or dam failure). And to address
high winds, the building should be designed for winds with a 100-year
return period.

INCREASING LEVEL OF PERFORMANCE

Performance Groups

Performance Performance Performance Performance
Group | Group I Group Il Group IV

Very Large

(Very rare)

High Moderate

Large

(Rare) High Moderate Mild

Medium
(Less Frequent)

High Moderate Mild Mild

Small
(Frequent)

Moderate Mild Mild Mild

MAGNITUDE OF DESIGN EVENT
Increasing Magnitude of Event

Figure 2-2: Maximum
level of damage to be
tolerated based on

performance groups and

magnitude of design
event

SOURCE: ICC, 2009
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Figure 2-3:

Relative magnitude

and return period for
seismic, flood, and wind
events

SOURCE: ICC, 2009
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2.5 Considerations For Achieving Continuous
Operation Performance Level

fter the preliminary design has been developed based on the

selected performance level, the next step in the performance-

based design process is to perform a series of simulations
(analyses of building response to loading) to estimate the probable per-
formance of the building under various design scenario events. Using
fragility relationships (vulnerability functions defining the relationship
between load and damage) developed through testing or calculation,
building responses are equated to damage states expressed as levels of
performance. If the simulated performance meets or exceeds the per-
formance objectives, the design may be considered complete. If not,
the design must be revised in an iterative process until the performance
objectives are met. In some cases, meeting the stated objective at a rea-
sonable cost will not be possible, in which case the team of designers,
decisionmakers, and stakeholders may elect to modify some of the orig-
inal performance objectives.

Continued and uninterrupted operation is an important performance
requirement for schools, regardless of the level of structural and non-
structural building damage, especially schools that are designated
as community shelters. In other words, the acceptable performance
is achieved as long as the structural and nonstructural damage to the
building does not disrupt or impair the continued operation and
functionality. In recent hurricanes, structures that did not sustain any
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structural damage were rendered inoperable as a result of nonstructural
damage resulting in unacceptable performance (FEMA, 2006).

In terms of affecting the functionality and performance of a facility, the
failure of nonstructural systems (roofing; exterior envelope; heating,
ventilation, and air-conditioning [HVAC]; emergency systems) can be as
significant as the failure of structural components. Performance-based
design provides a framework for considering the potential hazards that
can affect a facility or site, and for explicitly evaluating the performance
capability of the facility and its components—including nonstructural
systems and components.

Designers must also consider the likelihood that at least a portion of
the distribution systems of critical infrastructure services (e.g., electri-
cal power, communications, potable water, and sanitary sewer) could be
interrupted. The impact of interruptions in service should be assessed,
and the time until service could be restored or supplemented should
be estimated. To protect the continued operation of schools, especially
those designated as community shelters, the most reliable approach is to
provide alternative onsite systems in the form of: (1) emergency power
generation capabilities; (2) local wireless communications; (3) potable
water supplies; and (4) temporary onsite storage for sanitary waste.

While the practice of performance-based design is more advanced in the
field of seismic design than the fields of flood and high-wind design, the
theory of performance-based design is transferable to all hazards. The
practice of performance-based design will prompt designers and owners
of buildings in flood- or high-wind-prone regions to begin thinking in
terms of a few basic objectives:

Can the real probabilities and frequencies of flood and high-wind
events during the useful life of the building be defined with an ac-
ceptable degree of accuracy?

Can the extentand kinds of damage that can be tolerated be defined?

Are there ways in which an acceptable level of performance can be
achieved?

Are there alternative levels of performance that can be achieved,
and how much do they cost over the lifetime/ownership of the
building compared to the benefits of reduced damage and improved
performance?

How do these levels compare to the performance levels of designs
using the minimum requirements of the applicable building code?
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2.6 Performance-Based Flood Design

The performance levels and objectives for schools and other critical fa-
cilities exposed to flood hazards are:

Mild Impact. The facility sustains no structural or nonstructural dam-
age, emergency operations are fully functional, and the building is
immediately operational. The site is not affected by erosion, but may
have minor debris and sediment deposits.

Moderate Impact. The facility is affected by flooding above the low-
est floor, but damage is minimal due to low depths and the short
duration of flooding. Cleanup, drying, and minor repairs are re-
quired, especially of surface materials and affected equipment, but
the building can be back in service in a short period of time.

High Impact. The facility may sustain structural or nonstructural
damage that requires repair or partial reconstruction, but the threat
to life is minimal and occupant injuries are few and minor. Water
damage to the interior of the facility requires cleanup, drying, and
repairs, and may preclude occupancy of all or a portion of the facil-
ity for several weeks to several months.

Severe Impact. The facility is severely damaged and likely requires
demolition or extensive structural repair. Threats to occupants are
substantial, and warning plans should prompt evacuation prior to
the onset of this level of flooding. This performance level is applica-
ble to facilities affected by all types of flooding, including those that
result from failure of dams, levees, or floodwalls.

Planning and design to achieve an appropriate level of flood protection
should include avoidance of flood hazard areas and the addition of a fac-
tor of safety (freeboard) to the anticipated flood elevation. Performance
evaluation of a facility affected by flooding should consider the building
response to the following load conditions (fragility functions must be de-
veloped to relate calculated response to actual damage states):

Lateral hydrostatic forces

Vertical (buoyant) hydrostatic forces
Hydrodynamic forces

Surge forces

Impact forces of floodborne debris
Breaking wave forces

Localized scour

2-10
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2.7 Performance-Based High-Wind Design

The performance levels and objectives for schools and other critical fa-
cilities exposed to high-wind hazards are:

Mild Impact. The facility is essentially undamaged and is immediately
operational.

Moderate Impact. The facility is damaged and needs some repairs but
can be functional and occupied after minor repairs to nonstructural
components are complete.

High Impact. The facility may be structurally damaged but the threat
to life is minimal and occupant injuries are few and minor. However,
damage to nonstructural components (e.g., roofing, building enve-
lope, exterior-mounted equipment) is great, and the cost to repair
the damage is significant. If rain accompanies the windstorm, or if
rain occurs prior to execution of emergency repairs, water damage
to the interior of the facility may preclude occupancy of all or a por-
tion of the facility for several weeks to several months.

Severe Impact. The facility is severely damaged and will probably need
to be demolished. Significant collapse may have occurred, and there isa
great likelihood of occupant casualties unless the facility has a specially
designed occupant shelter. This performance level is applicable to facili-
ties struck by strong or violent hurricanes or tornadoes. For other types
of windstorms, this performance level should not be reached.

The challenge with respect to performance-based high-wind design
is assessing the wind resistance of the building envelope and exterior-
mounted equipment, and the corresponding damage susceptibility.
Several factors make this assessment challenging:

Analytical tools (i.e., calculations) are currently not available for
many envelope systems and components, and realistic long-term
wind resistance data is lacking.

Because of the complexity of their wind load responses, many envelope
systems and components require laboratory testing, rather than analyti-
cal evaluation, in order to determine their load-carrying capacities.

Eventually, finite element analysis will likely augment or replace
laboratory testing, but substantial research is needed before finite el-
ement analysis can be used for the broad range of existing building
envelope systems.

Significant research is needed before design professionals can accu-
rately assess the response of buildings and components to the effects
of high winds.
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2.8 Performance-Based Seismic Design

or performance-based seismic design, the performance levels

described in ASCE 41, Seismic Rehabilitation of Existing Buildings

(2007), for both structural and nonstructural systems are the most
widely-recognized characterizations. These performance levels are sum-
marized in a matrix (see Table 2-1) and allow specification of an overall
performance level by combining the desired structural performance
with a desired nonstructural performance.

Table 2-1: Combinations of structural and nonstructural seismic performance

Structural Performance Levels and Ranges

Nonstructural S-1 S-2 S-3 S-4 S-5 S-6
Performance Immediate Damage Life Limited Safety Collapse Not
Levels Occupancy Control Range Safety Range Prevention Considered
N-A Operational oA Not Not Not Not
Operational 1-A Recommended | Recommended | Recommended | Recommended
N-B Immediate Not Not Not
Immediate Occupancy 1-B e A Recommended | Recommended | Recommended
Occupancy

N-C 1-C 2-C Life Safety 3-C 4-C 5-C 6-C

Life Safety

WA Not

Hazards Recommended 2-D 3-D 4-D 5-D 6-D
Reduced

N-E Not Not Not 4E Collapse No

Not Considered | Recommended | Recommended | Recommended Prevention 5-E | Rehabilitation

Four of the ASCE 41 performance levels identified in Table 2-1 are analo-
gous to the ICC PC performance levels. “Mild” is similar to Operational
(1-A); “Moderate” Is similar to Intermediate Occupancy (1-B); “High
Impact” is similar to Life Safety (3-C); and “Severe” is similar to Collapse
Prevention (5-C). These four performance levels are described below.

Operational Building Performance Level (1-A)

Buildings that meet this building performance level are expected to
sustain minimal or no damage to their structural and nonstructural com-
ponents. The building is able to continue its normal operations with only
slight adjustments for power, water, or other utilities that may need to be
provided from emergency sources.
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Under low levels of earthquake ground motion, most schools should be
able to meet or exceed this target building performance level. However,
designing buildings to achieve this performance level under very rare, in-
tense ground shaking, may not be cost effective except for buildings that
offer unique services or that contain exceptionally hazardous material.

Full functionality is normally considered difficult to achieve in the imme-
diate aftermath of strong earthquake shaking. Offsite issues, such as staff
availability and potential loss of utilities that are not under the control of
the facility, may more seriously impair operations. In addition, relatively
minor onsite damage to key components can significantly affect overall
functionality. For example, failure of a single anchor point for a primary
emergency generator could disrupt functionality at least for a short pe-
riod of time.

Immediate Occupancy Building Performance Level (1-B)

Buildings that meet this building performance level are expected to
sustain minimal damage to their structural elements and only minor
damage to their nonstructural components. While it is safe to reoccupy
a building designed for this performance level immediately following a
major earthquake, nonstructural systems may not function due to pow-
er outage or damage to fragile equipment. Consequently, although
immediate occupancy is possible, some cleanup and repair and res-
toration of utility services may be necessary before the building can
function in a normal mode. The risk of casualties at this target perfor-
mance level is very low.

Many building owners may wish to achieve this level of performance
when the building is subjected to moderate earthquake ground mo-
tion. In addition, some owners may desire such performance for very
important buildings even if exposed to severe earthquake ground
shaking. This level provides most of the protection obtained under the
Operational Building Performance Level without the costs of standby
utilities and rigorous seismic equipment performance.

Designing to the Immediate Occupancy Building Performance Level
is more realistic than the Operational Building Performance Level
for most buildings, and at a minimum, should be the design goal for
all new school buildings. However, because even the smallest disrup-
tion of nonstructural systems may be too detrimental for continued
operation of a school that is designated as a shelter, owners and de-
signers should consider an even higher level of protection for critical
functions associated with this use. For instance, stakeholders should
consider providing for the independent operation of critical utilities
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for a minimum of 4 days. Critical utilities usually include electric power,
water, sanitary sewer, and, depending on the local weather conditions,
fuel for heating and cooling.

Life Safety Building Performance Level (3-C)

Buildings that meet this building performance level may experience ex-
tensive damage to structural and nonstructural components. Repairs
may be required before re-occupancy, though in some cases extensive
restoration or reconstruction may not be cost effective. The risk of casu-
alties at this target performance level is low.

This building performance level allows somewhat more extensive
damage than would be anticipated for new buildings designed and con-
structed for seismic resistance. The Life Safety Building Performance
Level should prevent significant casualties among able-bodied school
occupants.

Collapse Prevention Building Performance Level (5-E)

Although buildings that meet this building performance level may pose
a significant hazard to life safety resulting from failure of nonstructural
components, significant loss of life may be avoided by preventing col-
lapse of the entire building. However, many buildings designed to meet
this performance level may be complete economic losses.

Sometimes this performance level is selected as the basis for mandatory
seismic rehabilitation ordinances enacted by regulatory authorities be-
cause it mitigates the most severe life-safety hazards at the lowest cost.
The Collapse Prevention Building Performance Level is intended to pre-
vent only the most egregious structural failures, and does not allow for
continued occupancy and functionality or cost-effective damage repair
of structural and nonstructural components.
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RISK MANAGEMENT SERIES PUBLICATION

Design Guide

for Improving School Safety
in Earthquakes, Floods, and High Winds

Multihazard
Design

3.1 Introduction

his chapter compares the effects of three natural hazards that are

the subject of this publication, in terms of their geographical loca-

tions, relative warning times, and how likely they are to occur. Fire
and life safety considerations are discussed. The design methods used
to resist the effects of each natural hazard are discussed in the context
of the design methods for the other natural hazards. This integrated ap-
proach is a key aspect of multihazard design that must be reflected in a
larger integrated approach to the whole building design.

3.2 The Hazards Compared

his section compares the three natural hazards together with is-
sues relating to designing for fire protection, which is required for
all school buildings. A general understanding of all hazards is nec-
essary in order to develop an integrated approach which is important
for locations subject to more than one hazard. Designs for two or more
hazards may reinforce one another, thus reducing cost and improving
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protection. They may also conflict with each other. This section presents
a systematic analysis of these multihazard protection methods. The anal-
ysis takes the form of the matrices shown in Section 3.5. Facility planners
and designers faced with the challenge of multihazard design require-
ments may find this section beneficial to stimulate discussion and to
prompt analysis at the outset of project design. The threat of physical at-
tack is covered in a companion publication, FEMA 428, Primer to Design
Safe School Projects in Case of Terrorist Attacks.

3.2.1 Location: Where do Hazards Occur?

The common public perception of natural hazards is that earthquakes
occur in California, floods involve major rivers, tornadoes strike the
Midwest, and hurricanes affect the shorelines of the southern Atlantic
and Gulf of Mexico. Although there is some truth to this perception as it
relates to the highest probabilities, maps that show past disasters reveal
that the entire United States is vulnerable to one or more of the three
primary natural hazards: earthquakes, floods, or high winds.

Earthquakes are predominant in the West, but also threaten specific
regions in the Midwest, Northeast, and Southeast, and the U.S. ter-
ritories." The great earthquakes centered on the little town of New
Madrid, MO, in 1811 and 1812 caused little damage and only a few
casualties; a recurrence of these earthquakes would impact some of
the most populous cities of the Midwest. The worst earthquake in the
eastern States occurred in Charleston, SC, in 1886; 60 people were
killed and the modest sized city suffered the equivalent of about $25
million damage in today’s dollars.

Riverine floods occur along rivers and streams of all sizes, and coastal
flooding is associated with storm surges caused by high winds along
the entire U.S. shoreline and Great Lakes. Flash floods caused by
sudden, intense rainstorms may occur anywhere. Some of the worst
floods in U.S. history have been caused by dam failures, often when
rivers are already swollen by flood waters.

Extreme winds are regional (e.g., hurricanes along the Atlantic and
Gulf coasts, the Caribbean, and the South Pacific; tornadoes typically
in the Midwest; and downslope winds adjoining mountain ranges),
but high winds can also occur anywhere.

Alaska, Hawaii, parts of the East Coast, and the U.S. territories may
all be affected by earthquakes, floods, and high winds.

1 The U.S. territories include American Samoa, Guam, Northern Mariana Islands, Puerto Rico,
and the U.S. Virgin Islands.

3-2
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Figure 3-1 illustrates the areas where earthquakes are likely to occur on
the U.S. mainland. The contour lines indicate the 2-percent probability
of exceedance of ground motion accelerations within each contour area
(or the “odds” [2 percent] that the accelerations will be exceeded in a 50-
year period). Figure 3-2 is the basic wind speed map from ASCE 7 that is
cited in the model building codes and used to select design wind speeds.
In addition to high wind regions around the Gulf and Atlantic Coasts, it
identifies “special wind regions” in mountainous areas where high winds
are likely. Locations where flooding is likely cannot be illustrated in a
similar manner because flooding occurs along virtually every body of wa-
ter, whether large or small. Flood hazard maps are available at the county
and municipality level. Chapters 4, 5, and 6 provide information that will
help establish the risk for each of these hazards (earthquakes, floods,
and high winds) in a local region, respectively.

Explanation
Contour intervals, % g

\ &

) \\

Note: contours are irregularly spaced

Il 1 Areas with a constant spectral response acceleration
of 150% g

4 :: Point value of spectral response acceleration
expressed as a percent of gravity

—1o—— Contours of spectral response acceleration expressed
as a percent of gravity. Hachures point in direction of
""" decreasing values.

Source: Minimum Design Loads for Buildings and Other Structures, ASCE/SEI 7-05.
Used with permission of ASCE.

Figure 3-1:

Areas where earthquakes are likely to occur on the U.S. mainland. The contour lines indicate the 2-percent
probability of exceedance of ground motion accelerations within each contour area (or the “odds” [2-percent]
that the accelerations will be exceeded in a 50-year period).
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Vmph  (mis)
145 (65)
210 (94) g
Virgin Islands 175 (78) 180(80)
American Samoa 170 {76) .
165(74)  Note: Puerto Rico

1. Values are nominal design 3-second gust wind speeds in miles per hour (m/s) at 33 ft (10m) above ground for Exposure C category.

Figure 3-2:
Basic wind speed map from ASCE 7 for Risk Category Ill and IV buildings and other structures. ASCE 7 is cited
in the model building codes and used to select design wind speeds.

SOURCE: ASCE 7-10

3.2.2 Warning: How Much Warning is There?

The warning times for the three primary natural hazards vary as a func-
tion of many variables:

Earthquakes are unique among the natural hazards because there is
no warning at all, although new sensing devices can give a few sec-
onds warning to locations far from the epicenter. Although much
work has been done throughout the world to develop a scientific
prediction methodology (based on characteristics such as changes in
the dimensional or physical nature of the ground prior to an earth-
quake, detailed investigation of the geologic strata, or statistical data
on the incidence of previous earthquakes), earthquakes must still be
regarded as random events within a general envelope of probability.

Riverine floods (except flash floods) can usually be predicted to give
hours or days of warning. National and regional river monitoring
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systems and numerous local weather and flood warning systems pro-
vide improved warning along many waterways.

Coastal flooding associated with hurricanes can be anticipated be-
cause tropical systems can be tracked for days before making landfall.
Hurricanes are tracked by the National Hurricane Center and their
movements are carefully and thoroughly reported although there
are many variables that limit the precision of predictions. Other
coastal storms, such as nor’easters and those that affect the Pacific
and Great Lakes shorelines are less predictable.

Tornadoes are localized, though sometimes visible from a distance.
However, modern technology allows the National Weather Surface to
identify conditions that are conducive to the formation of tornadoes.
Typically, they hit a specific location with only a few minutes notice.

3.2.3 Frequency: How Likely are They to Occur?

For all hazards, the probability that an event will occur within a region
is much higher than the probability that an event will occur at a specific
location. Extreme events are relatively rare for a given site. Some level of
inundation in riverine floodplains and coastal shorelines occurs relative-
ly frequently. Storms that produce sufficient rainfall-runoff to cause river
and stream flooding can occur throughout the year, although are more
prevalent during specific seasons in some areas of the country. Coastal
nor’easter storms generally occur in the winter and early spring months,
while hurricanes roam the Gulf Coast and Atlantic seaboard between
June Ist and the end of November, bringing both high winds and storm
surge flooding.

Earthquakes are perhaps the most difficult to deal with, because of their
complete lack of warning, their rarity, and their possible extreme con-
sequences. Although an earthquake of a given magnitude is still, in
practical terms, unpredictable, its probability of occurrence can rea-
sonably be predicted as far higher in California or Alaska than in, for
example, Massachusetts or Tennessee. Even in California, the rarity of
a large earthquake is such that many people will not experience one in
their lifetime. In less seismically active parts of the country, the probabil-
ity of an event is even smaller.

Because the occurrence of natural hazards is only broadly predictable,
the frequency of occurrence of future events can only be expressed as
probabilities. The probability of occurrence of earthquakes, floods, and
high winds is commonly expressed by the term “return period” or “mean
recurrence interval,” which is defined as the average or mean time in
years between the expected occurrence of events of specified intensity.
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Prior to the 2000 International Building Code (IBC), the seismic maps in
the model buildings codes used a level of shaking (an acceleration value)
that corresponds to a 10-percent probability of exceedance in 50 years
(or a probability that it would be exceeded one time in approximately
475 years, a 475-year recurrence interval). More recently, research sug-
gests that certain areas, such as the central and eastern United States and
in particular the New Madrid Seismic Zone, may be vulnerable to much
larger but less frequent quakes. More recent seismic hazard maps pro-
duced by the U.S. Geological Survey (USGS) and appearing in the 2000
IBC and later editions show acceleration values for a 2-percent probabil-
ity of exceedance in 50 years (e.g., a recurrence interval of 2,475 years).
Designs based on this level are expected to provide significant protec-
tion in areas subject to large but less frequent earthquakes. Additional
information about seismic maps appearing in the IBC can be found in
FEMA 450, NEHRP Recommended Provisions for Seismic Regulations for New
Buildings and Other Structures (2003a).

Beginning with the 2010 edition of ASCE 7, for Risk Category III and IV
buildings, the basic wind speed is associated with a return period of 1,700
years, or an annual exceedance probability of 0.000588. The magnitude
of flood event used as the minimum design value is the 1-percent-annual-
chance flood, which has a 100-year return period (often call the “100-year
flood”). These return periods may seem very long (i.e., a business owner
confronting small crises every day and large ones every month may not be
worried about an event that might not occur for 500 years). And if the re-
turn period for an earthquake event in California is 500 years, the public
may erroneously believe that it will be another 400 years before an event
of the magnitude of the 1906 San Francisco earthquake occurs.

These expressions of frequency represent mean or average return peri-
ods over a very long period of time, but may be perceived as not pertinent
in relation to the shorter time periods that most people are interested in
(i.e., the next year or the next 10 years). Because floods and high winds
occur relatively more frequently, the discrepancy between the actual oc-
currence experienced at a given location and the mean return period
used to establish design loads is much more noticeable than the corre-
sponding probabilities for earthquakes.

3.3 A Comparison of Potential Losses

he HAZUS-MH (Hazards U.S. Multi-Hazards) program is a
Geographic Information System (GIS)-based program developed
by FEMA to estimate future losses for use by Federal, State, region-
al, and local governments to plan for damage, to prepare emergency
response and recovery programs, and to help examine options to reduce
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future damage. The methodology covers nearly all aspects of the built
environment and estimates a wide range of losses. Originally developed
to assess risks from earthquakes, the methodology has been expanded
to address floods throughout the United States and hurricanes in the
Atlantic and Gulf Coast regions.

In order to obtain an indication of the magnitude of losses and their rel-
ative significance for the three hazards considered in this design guide,
a “Level 17 HAZUS-MH analysis was conducted in 2003 for educational
facilities in six areas of the United States. The Level 1 analysis uses the
building inventory data that are packaged with the HAZUS-MH program
and is intended to give a broad picture of damage and loss on a regional
basis. Although prepared several years ago, the results remain useful to
compare potential losses between different parts of the country.

The analyses were based on the building information for the EDU 1
occupancy class (the HAZUS-MH designation for the school building
inventory) in the general building stock module of HAZUS-MH. The
regions chosen for this comparative example are each prone to two or
more of the hazards addressed in HAZUS-MH, and are deemed to pro-
vide a useful geographic range. For each region and applicable hazard,
probabilistic losses for a 100- and 500-year return period event (earth-
quake, flood, or high wind) were computed. The results are summarized
in Table 3-1, in which the column “EDU 1 Exposure” refers to the total
school inventory in each region.

The following regions were evaluated:

Charleston County, SC (Charleston) (earthquake, flood, and
hurricane)

Shelby County, TN (Memphis) (earthquake and flood)
Bexar County, TX (San Antonio) (hurricane and flood)
Salt Lake County, UT (Salt Lake City) (earthquake and flood)
Suffolk County, MA (Boston) (earthquake, flood, and hurricane)
Hillsborough County, FL. (Tampa) (hurricane and flood)
Table 3-2 shows the estimated losses expressed as a percentage of the
total school inventory. It is instructive to note, in some cases, the wide dis-
parity in losses between the 100-year and 500-year events, which supports

the idea that school facilities should be designed to resist the impacts of
events that have a lower probability of occurrence.
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Table 3-1: HAZUS-MH earthquake, hurricane, and flood losses (all values are in $1,000s—2002 valuation)

Earthquake Hurricane Flood EDU 1 Exposure

Charleston, SC
100-yr 500-yr 100-yr 500-yr

Building Damage 31 3,449 5,802 22,290 1,378 1,554 63,787 Building
Contents and 4 1,365 3,690 16,897 392 557 63,787 Contents
Inventory
Business Interruption 5 320 2,052 6,558 NE NE
TOTAL 40 5,134 11,544 45,745 1,770 2,111

Shelby, TN

Hurri

EDU 1 Exposure

Bexar, TX

Hurri

100-yr 500-yr 100-yr 500-yr
Building Damage 243 10,464 N/A N/A 4,184 6,784 137,927 Building
Contents and 58 3,723 N/A N/A 1,203 2,001 137,927 Contents
Inventory
Business Interruption 29 916 N/A N/A NE NE
TOTAL 325 15,103 - - 5,387 8,786

EDU 1 Exposure

Salt Lake, UT

Hurri

100-yr 500-yr 100-yr 500-yr
Building Damage N/A N/A 94 2,753 1,502 2,384 238,608 Building
Contents and N/A N/A 5 1,259 487 727 238,608 Contents
Inventory
Business Interruption N/A N/A 7 2,078 NE NE
TOTAL = = 106 6,090 1,989 3,111

EDU 1 Exposure

Suffolk, MA

Hurri

100-yr 500-yr 100-yr 500-yr
Building Damage 2,175 30,313 N/A N/A 15 204 177,728 Building
Contents and 881 9,016 N/A N/A 4 57 177,728 Contents
Inventory
Business Interruption 259 2,488 N/A N/A NE NE
TOTAL 3,315 41,817 - - 19 261

EDU 1 Exposure

Hillsborough, FL

Earthquake

Hurri

500-yr 100-yr 500-yr
Building Damage 0 1,544 4,837 58,640 254 907 268,311 Building
Contents and 0 484 2,258 40,665 70 305 268,311 Contents
Inventory
Business Interruption 0 172 2,871 18,316 NE NE
TOTAL 2,200 9,966 117,621 324 1,212

EDU 1 Exposure

100-yr 500-yr 100-yr 500-yr
Building Damage N/A N/A 10,257 47213 10,727 11,776 175,981 Building
Contents and N/A N/A 6,045 39,016 4,329 4,624 175,981 Contents
Inventory
Business Interruption N/A N/A 4,291 13,004 NE NE
TOTAL - = 20,593 99,233 15,056 16,400

NOTES: EDU 1 Exposure = total school and contents inventory in each region (2003).

NE = HAZUS did not estimate these losses.

0 = Evaluated, but no losses.

N/A = hazard not present in the area.
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Table 3-2: HAZUS-MH estimated losses by percentage of school building and contents inventory

Earthquake Hurricane

Charleston, SC 0.20 17.30 4.54 1750 1.38 1.65
Shelby, TN 0.12 5.47 N/A N/A 1.95 2.46
Bexar, TX N/A N/A 0.02 127 0.40 0.65
Salt Lake, UT 1.10 11.76 N/A N/A 0.01 0.07
Suffolk, MA 0 0.80 N/A N/A N/A N/A
Hillsborough, FL N/A N/A 5.85 28.20 4.27 4.65

NOTES: N/A = hazard not present in the area.

These HAZUS-MH results, though prepared in 2003, limited in scope,
and based on limited school building inventory information, provide
some interesting comparisons:

Generally, the 100-year earthquake causes insignificant damage, ex-
cept in Salt Lake City, UT ($3.3 million).

The 500-year earthquake causes the most damage in Salt Lake City,
UT ($41.8 million), followed by Shelby, TN ($15.1 million), and
Charleston, SC ($5.1 million).

The 100-year hurricane causes the most damage in Hillsborough,
FL ($20.6 million), followed by Charleston, SC ($11.5 million), and
Suffolk, MA ($10 million).

The 500-year hurricane causes $117.6 million in damage in Suffolk,
MA, $99.2 million in damage in Hillsborough, FL, and $45.7 million
in damage in Charleston, SC.

The 100-year flood causes by far the most damage in Hillsborough,
FL ($15.1 million; however, the 500-year flood causes only another
$1.3 million in damage). In Shelby, TN, the 100-year flood causes
$5.4 million in damage and the 500-year flood causes another $3.3
million.

Charleston, SC, has the greatest combined threat from earthquakes
and hurricanes; Hillsborough, FL, has the greatest combined threat
from hurricanes and floods.
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3.4 Fire and Life Safety

f the many hazards that can endanger a school, its occupants, and

its service to the community, the most prevalent is fire. Structure

fires occur more frequently than any of the hazards noted above.
However, requirements to account for fire protection and safety have
long been included in building codes in the form of requirements for
approved materials, fire-resistant assemblies, exiting, the width and de-
sign of stairs, the dimensions of corridors, fire suppression systems, and
many other issues. In fact, fire considerations are
now so embedded in the design culture and regu-
lation that some designers may not fully consider
the fire hazard as a specific design issue.

Of the many hazards that can endanger

a school, its occupants, and its service to
the community, the most prevalent is fire.
Structure fires occur more frequently than

Fires in older school buildings often resultin a total
any of the hazards noted above.

loss of the building. This is due to a variety of fac-
tors, which include: delay of discovery and alarm,
remote locations, lack of fire walls and/or compartmentation, lack of
draft stopping in combustible attics, lack of automatic fire sprinkler
systems, and inadequate water supplies for manual fire suppression ac-
tivities. Losses in buildings without automatic fire alarm and detection
systems are twice those in buildings with such systems. Additionally, fire
losses in buildings without automatic fire sprinkler protection are five
times higher than those in buildings protected by sprinklers.

Since the 1970s, the provisions of the various building codes have con-
tinued to improve the level of fire and life safety of new school facilities.
The code requirements do not apply to existing buildings until renova-
tions or additions are made, and then the requirements may apply only
to the new work. Given that the average age of school facilities in the
United States is more than 40 years, older buildings likely do not pro-
vide the same level of protection as newer buildings. In order to provide
the level of protection achieved in newer buildings, the levels of fire and
life safety of older facilities should be evaluated. After an evaluation has
been conducted, solutions using prescriptive and/or performance ap-
proaches can be developed and undertaken.

The existing structures chapter of the IBC provides a method to evaluate
the overall level of fire and life safety in an existing building. Although
the method is generally intended to be applied to an existing building
during changes in occupancy or renovation, it can provide the basis for
the evaluation of any existing building.

The evaluation method comprises three categories: fire safety, means of
egress, and general safety. The fire safety evaluation includes structural

3-10 DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS



MULTIHAZARD DESIGN

fire resistance, automatic fire detection, and fire alarm and fire sup-
pression systems. Included within the means of egress portion are the
configuration, characteristics, and support features for the means of
egress. The general safety section evaluates various fire safety and means
of egress parameters. The evaluation method generates a numerical
score in the various areas, which can then be compared to mandato-
ry safety scores. Deficiencies in one area may be offset by other safety
features.

The provisions of NFPA 101 provide another method of evaluating and
upgrading existing facilities. This document is intended to be applied
retroactively to existing facilities and has a chapter specifically for exist-
ing educational occupancies. Even if this code is not adopted by the local
jurisdiction, it can be used as the basis for an evaluation of any existing
facility.

Upgrading an existing school facility can be costly. However, the cost of
upgrades generally is less than the direct and indirect losses if a facil-
ity sustains major damage caused by fire. The most effective method of
providing fire protection is through automatic fire sprinklers, but other
lower cost methods can be utilized, including:

Automatic fire alarm and detection
Draft stopping in combustible attic spaces

Smoke and fire compartmentation walls in occupied spaces

Upgrades in fire and life safety can often be coordinated with other
building renovations or upgrades to help reduce costs. For instance,
draft stopping could be installed in a wood framed attic during roof deck
replacement. Fire sprinklers could be installed during asbestos abate-
ment or ceiling replacement/upgrades for seismic concerns.

3.5 Multihazard Design Interactions

n integrated approach to designing for all hazards can help to

identify potentially conflicting effects of certain mitigation mea-

sures and help to avoid aggravating the vulnerability of school
systems and components. Table 3-3 summarizes the effects that design
for more than one hazard may have on the performance of the build-
ing, addition, or repair. The columns show the five primary hazards.
The rows show examples of methods of protection that have significant
interaction (either beneficial, undesirable, or little to no significance).
These methods are taken from the extended descriptions of risk reduc-
tion methods for the three primary natural hazards (see Chapters 4, 5,
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and 6), together with the methods for security/blast protection present-
ed in FEMA 428. In addition, the interactions of these four categories
of risk protection with fire safety, where they occur, are also suggested.

The suggested interactions are intended to provoke thought and design
integration; they are not absolute restrictions nor are they recommenda-
tions. In general, beneficial conditions can be identified and undesirable
conditions and conflicts can be avoided through coordinated design be-
tween the consultants, starting at the inception of design. The table can
be used as a starting point for discussion relative to specific projects and
to structure the benefits and conflicts of multihazard design depending
on local hazards.

Table 3-3: Multihazard design system interactions

Key

Indicates desirable condition or method for designated component/system

Indicates undesirable condition or method for designated component/system

Indicates little or no significance for designated component/system

Split box indicates significance may vary, see discussion issues

Building System Protection Methods: Reinforcements and Conflicts

Existing Conditions The Hazards
System
ID or Proposed . Security/ . . .
Protection Methods |Earthquake| Flood Wind Blast Fire Discussion Issues
1 Site
1-1 Building elevated O v O O O Excellent solution for flood.
on fill
1-2 Two means of site v v v v v
access
1-3 In close proximity O O O O

to other facilities
that are high risk
targets for attack

3-12
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Table 3-3: Multihazard design system interactions

Security/

Configuration

2A-1

Building System Protection Methods: Reinforcements and Conflicts

Discussion Issues

Large roof
overhangs

2A-2

Possibly vulnerable to vertical
forces in earthquake, uplift
wind forces. The wall to roof
intersection will tend to contain
and concentrate blast forces if
the point of detonation is below
the eaves.

Re-entrant corner
(L-, U-shape, etc.)
building forms

2A-3

May concentrate wind or blast
forces; may cause stress
concentrations and torsion in
earthquakes.

Enclosed
courtyard building
forms

2A-4

May cause stress
concentrations and torsion in
earthquake; courtyard provides
protected area against high
winds. Depending on individual
design, they may offer
protection or be undesirable
during a blast event. If they

are not enclosed on all four
sides, the “U” shape or re-
entrant corners create blast
vulnerability. If enclosed on all
sides, they might experience
significant blast pressures,
depending on building and

roof design. Because most
courtyards have significant
glazed areas, this could be
problematic.

Very complex
building forms

2B

May cause stress concentrations
and torsion in highly stressed
structures, and confusing
evacuation paths and access for
firefighting. Complicates flood
resistance by means other than
fill.

Planning and Function (No significant impact)

2C

Ceilings (No significant impact)
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Table 3-3: Multihazard design system interactions

Building System Protection Methods: Reinforcements and Conflicts

Earthquake S Discussion Issues
Blast

Wind and seismic force
reactions would be similar

for heavy unreinforced

wall sections, with risk of
overturning. Tile may become
flying debris during a blast. It is
possible, but difficult, to protect
structures with blast walls, but
a weak nonstructural wall has
more chance of hurting people
as debris. Desirable against
fire and not seriously damaged
by flood.

2D Partitions

Block, hollow clay

2b-1 tile partitions

Non-rigid connections are
necessary to avoid partitions
influencing structural response.
However, gaps provided for
this threaten the fire resistance
integrity and special detailing
is necessary to close gaps but
retain ability for independent
movement.

Use of non-rigid
connections for
2D-2 attaching interior
non-load bearing
walls to structure

Although gypsum board
partitions can be constructed
to have a fire resistance rating,
they can be easily damaged
during fire operations. Such
partitions can be more easily
damaged or penetrated during
normal building use.

Gypsum board

2D-3 o
partitions

May create torsional structural
response and/or stress
concentration in earthquakes
in frame structures unless
separated and, if unreinforced,
wall is prone to damage.
Properly reinforced walls
preserve evacuation routes in
case of fire or blast.

Concrete
masonry units
(CMUs), hollow
clay tile around
exit ways and exit
stairs

2D-4
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3

Table 3-3: Multihazard design system interactions

Building System Protection Methods: Reinforcements and Conflicts

Security/

Discussion Issues

2E

Other Elements

2E-1

Heavy roof (e.g.,
slate, tile)

2E-2

3-1

Parapet

Heavy structure:
reinforced
concrete (RC)
masonry, RC

or masonry
fireproofing of
steel

Heavy roofs are undesirable
in earthquakes; slates and
tiles may detach. Heavy roofs
provide good protection from
fire spread, but can also cause
collapse of a fire-weakened
structure. Almost always

used on steep-sloped roofs; if
wind-blown debris or a blast
wave hits them, they become
flying debris and dangerous to
people outside the building.

3-2

Light structure:
steel/wood

Properly engineered parapet
is acceptable for seismic;
unbraced unreinforced
masonry (URM) is dangerous.
May assist in reducing the
spread of fire.

Increases seismic forces, but
generally beneficial against
other hazards.

3-3

URM exterior
load bearing
walls

Decreases seismic forces, but
generally less effective against
other hazards.

3-4

Concrete or
reinforced CMU
exterior structural
walls

3-5

Soft/weak first
story

Very poor earthquake
performance, and vulnerable
to blast. Generally undesirable
for flood and wind. Elevated
first floor is beneficial for flood
if well constructed, but should
not be achieved by a weak
structure that is vulnerable to
wind or flood loads.
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Table 3-3: Multihazard design system interactions

Building System Protection Methods: Reinforcements and Conflicts

Security/

Discussion Issues

Undesirable for highly stressed
structures, and fire-weakened
structure is more prone to
collapse. Not critical for floods.

Undesirable for highly stressed
structures; causes stress
concentrations, and fire-
weakened structure is more
prone to collapse. Not critical
for floods.

Possible path for toxic gases to
migrate to other floors.

Provides a tougher structure that
is more resistant to collapse.

Provides a tougher structure that
is more resistant to collapse.

3-6 Indirect load path
Discontinuities in
3-7 ;
vertical structure
Seismic
3-8 S
separation joints
Ductile detailing
3-9 and connections/
steel
Ductile detailing/
3-10 RC
Design for uplift
8-1 (wind)
Concrete
masonry units,
3-12 hollow clay tile

around exit ways
and exit stairs

Necessary for wind; may assist
in resisting seismic or blast
forces.

May create torsional structural
response and/or stress
concentration in earthquakes
in frame structures unless
separated, and if unreinforced
wall is prone to damage.
Properly reinforced walls
preserve evacuation routes in
the event of fire or blast.

O

4A Wall Cladding
In earthquakes, material may
detach and cause injury. In
4A1 Masonry veneer O winds and attacks, may detach
on exterior walls and become flying debris
hazard. Flood forces can
separate veneer from walls.
4B Glazing
Fire can spread upward behind
the curtain wall if not properly
Metal/glass fire-stopped. Not blast-resistant
4B-1 . h .
curtain wall without special glass and
detailing. Light weight reduces
earthquake forces.
raci Can cause problems during fire
4B-2 Impr—:\ct resistant O suppression operations, limiting
glazing s
access and smoke ventilation.
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Table 3-3: Multihazard design system interactions

Building System Protection Methods: Reinforcements and Conflicts

Al i The Hazards
System Existing Conditions
D or Proposed Security/
Protection Methods |Earthquake| Flood Wind Blast Fire Discussion Issues
5 Utilities (No significant impact)
6 Mechanical
Can be effective in reducing

HVAC system chemical, biological, or
designed for radiological (CBR) threat if

6-1 purging in the O O O v 4 it has rapid shut-down and
event of fire efficient dampers, and is

located in an airtight building.

Large rooftop- Vulnerable to earthquake and

6-2 mounted v O wind forces. Raises equipment
equipment above flood level.

7 Plumbing and Gas (No significant impact)

8 Electrical (No significant impact)

9 Fire Alarm (No significant impact)

10 Communications and Information Technology (IT) (No significant impact)

11 Equipment Operations and Maintenance (0&M) (No significant impact)

12 Security (No significant impact)

12A Perimeter Systems (No significant impact)

12B Interior Security (No significant impact)

12C Security System Documents (No significant impact)

13 Security Master Plan (No significant impact)

SOURCE: FEMA 426, REFERENCE MANUAL TO MITIGATE POTENTIAL TERRORIST ATTACKS AGAINST
BUILDINGS, 2003

Notes:

The table refers to typical school structures: steel frame, concrete block or RC walls, wood frame,
1-2 stories suburban, 2-4 stories urban.
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Design Guide
for Improving School Safety
in Earthquakes, Floods, and High Winds

Making Schools Safe
From Earthquakes

4.1 Introduction

his chapter outlines the earthquake risk to schools and the pro-

cesses and methods that can be used to reduce it. An explanation

of the nature and probability of earthquakes is provided, togeth-
er with procedures for determining the earthquake threat to specific
locations and for evaluating the vulnerability of a school building. An
assessment of the scope and effectiveness of seismic building codes is
followed by a description of current methods of designing for seismic
resistance in new buildings and upgrading existing buildings. Lastly,
this chapter presents guidance for school districts, facility planners, and
designers on determining acceptable risk and the use of performance-
based design.

DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS 4-1



MAKING SCHOOLS SAFE FROM EARTHQUAKES

4.2 The Nature and Probability of Earthquakes

Ithough earthquakes cannot be prevented, modern science and

engineering provide tools that can be used to reduce their ef-

fects. Science can now identify, with considerable accuracy, where
earthquakes are likely to occur and what forces they will generate. This
information is readily available and can be obtained for local geograph-
ic regions (see Section 4.2.3).

4.2.1 Earthquakes and Other Geologic Hazards

Earthquakes have long been feared as one of nature’s most terrifying phe-
nomena. Early in human history, the sudden shaking of the earth and the
death and destruction that resulted were seen as mysterious and uncon-
trollable. We now understand the origin of earthquakes and know that they
must be accepted as a natural environmental process. Scientific explana-
tions, however, have not lessened the terrifying nature of the earthquake
experience. Other types of phenomena sometimes accompany seismic
ground shaking and are generally identified as geologic hazards:

Liquefaction occurs when loose granular soils and sand in the pres-
ence of water change temporarily from a solid to a liquid state when
subjected to ground shaking. Soils that are loose, not well graded,
and saturated with water are prone to liquefaction. These conditions
often occur near waterways such as rivers, lakes, and bays, but not al-
ways. In addition to the soil type, the probability of liquefaction also
depends on the depth from the surface to the vulnerable soil layer,
and the intensity of ground motion. Further, the results of liquefac-
tion can vary from a small, uniform ground settlement across a site,
to loss of foundation bearing, resulting in extreme ground settlement
and horizontal movement of tens of feet (called lateral spreading).
Lastly, the risk of liquefaction is directly dependent on the earthquake
risk. Due to this complex set of conditions, damage potential from
liquefaction is difficult to map. For all but the smallest projects, many
building jurisdictions in seismic areas require that the liquefaction
potential be assessed in a site-specific geotechnical report, particularly
in areas of known potential vulnerability. On sites where liquefaction
is more than a remote possibility, the likely results of liquefaction at
the ground surface or at the building foundations is also estimated.
Small settlements may be tolerated without mitigation. Larger po-
tential settlements can be prevented by site remediation measures,
if economically justified. Building on sites with potential massive lig-
uefaction and lateral spreading may not be cost effective. Officials in
some regions of high seismicity have developed maps of local areas
that are potentially susceptible to liquefaction and require site-specif-
ic investigation before building/permitting begins.
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Landslides, which involve the slipping of soil and rock on sloping
ground, can be triggered by earthquake ground motion (see Figure
4-1). The shaking from earthquakes can cause landslides, depending
on the slope, type, and configuration of soil stratum. Landslides can
cause damage to improvements built within the slide area or near
the top of the slide, ranging from complete destruction to distor-
tion from relatively small vertical or lateral movements. Sites can also
be threatened by landslides occurring uphill, sometimes completely
offsite and quite a distance away.

Similar to liquefaction, accurate probability of land sliding is difficult to
map on a regional or national scale, and this threat is normally identi-
fied in site-specific geologic hazard studies. Also similar to liquefaction,
the largest portion of the risk may be a triggering event. In some cases,
stabilizing small areas at risk of potential landslides may be possible
and cost effective. Stabilizing larger areas at risk of landslides may not
be feasible. Some regions of high seismicity have developed maps of
the areas susceptible to landslides based on average slopes, geologic
soil types, and the past history of sliding. Building jurisdictions require
site-specific investigations for sites within these susceptible zones.

Figure 4-1:
School in Anchorage, AK,
1964, severely damaged
by earthquake-induced
landslide

SOURCE: NATIONAL
INFORMATION SERVICE FOR
EARTHQUAKE ENGINEERING,
UNIVERSITY OF CALIFORNIA,
BERKELEY

Tsunamis are seismic wave movements in the ocean that travel at
high speed and may result in large coastal waves of 30 feet or more.
They are sometimes, and incorrectly, called tidal waves. Researchers
have studied tsunamis for many years. Sites near large bodies of

DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS 4-3



MAKING SCHOOLS SAFE FROM EARTHQUAKES

water at elevations 50 feet or less above the water surface are suscep-
tible. Although similar to storm surge, the height and the potential
velocity of a tsunami wave represent a separate hazard and must be
mapped separately. In addition to dependence on local conditions,
quantification of the risk from tsunamis is difficult because not every
earthquake generates such a wave. Studies considering the individu-
al characteristics of the site and the facility are required to establish
the risk and identify possible mitigating measures.

Seiches are similar to tsunamis, but take the form of sloshing in
closed lakes or bays; they have the potential to cause serious dam-
age, although such occurrences have been very rare.

For all of the above geologic hazards, the only truly effective defense
is the application of good land-use practices that limit development in
hazard-prone locations. Seismic design and construction is aimed at
reducing the consequences of seismic ground shaking, which is the pri-
mary cause of damage and casualties from an earthquake.

4.2.2 Earthquakes: A National Problem

The U.S. Congress recognized earthquakes as a national problem in 1977
when it passed legislation authorizing the National Earthquake Hazards
Reduction Program (NEHRP) to reduce risks to life and property in the
United States that result from earthquakes. NEHRP has supported con-
siderable research and hazard mitigation efforts since that time.

Most people now know that, although most frequent in California and
Alaska, earthquakes are not restricted to just a few areas In the United
States. In fact, two of the greatest earthquakes in U.S. history occurred
not in California, but near New Madrid, Missouri, in 1811 and 1812. In
the International Building Code (IBC) (ICC, 2009), the most common
model building code in use in the United States and its territories, build-
ings on sites with a low enough seismic risk that specific design for seismic
forces is not required are classified as Seismic Design Category (SDC)
A. As shown in Figure 4-2, 37 of 50 States have regions with sufficient
seismic risk to require designs more stringent than SDC A. The likeli-
hood of a damaging earthquake occurring west of the Rocky Mountains,
and particularly in California, Oregon, Washington, Alaska, and Utah, is
much greater than it is in the East, Midwest, or South. However, the New
Madrid, MO, and Charleston, SC, regions are subject to potentially more
severe earthquakes with a lesser probability. According to the IBC design
maps, and the USGS hazard maps, on which they are based, other loca-
tions should also plan for intermediate ground motions.
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States That Include Areas of Seismic Design

Greater Than Seismic Design Category A

Figure 4-2: States with seismic risk

Records show that some seismic zones in the United States experience
moderate to major earthquakes approximately every 50 to 70 years, while
other areas have “recurrence intervals” for the same size earthquake of
about 200 to 400 years. These frequencies of occurrence are simply statis-
tical probabilities and one or several earthquakes could occur in a much
shorter than average period. Based on current knowledge, schools to be
located in earthquake-prone regions must be designed assuming that a
large earthquake is likely to occur at any time.

Moderate and even very large earthquakes may occur in areas of nor-
mally low seismicity. Even buildings in these regions are vulnerable to
seismic damages if not constructed in accordance with building code re-
quirements for seismic resistance. In high seismic regions, however, the
earthquake threat is quite familiar. Schools in many areas of California
and Alaska will be shaken by an earthquake perhaps two or three times
a year and, since the early 20th century, have been built to incorporate
some level of earthquake-resistant design. While the areas where earth-
quakes are likely to occur and the potential size or magnitude of these
earthquakes are well identified, predicting the near-term occurrence of
a damaging earthquake is not yet possible. Lacking useful predictions, it
makes sense in any seismic region to take at least the minimum affordable
prudent actions to save lives. Because most lives are lost in earthquakes
when buildings collapse, U.S. seismic building code provisions require
the minimum measures necessary to prevent building collapse.
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In California, schools are further protected by the Field Act of 1933,
which mandated additional requirements relating to design qualifica-
tions, plan checking, and site inspection. The Field Act is discussed in
more detail in Section 4.3.2.

The following graphics explain some earthquake terminology and char-
acteristics of ground motion.

What Earthquakes Do

surface fault

epicenter

deep waves

P wave 5 wave

The Origin of Earthquakes

This diagram explains some of the common
terms used in talking about earthquakes.
Waves of vibration radiate out from the fault
break.

Types of Seismic Waves

Four main types of waves radiate from a fault
break. The P or Primary wave, a back-and-
forth motion, arrives first, followed by the S
wave (secondary or shear) that is more of

a rolling motion. These are deep waves that
travel through the earth to the surface. The
Love and Rayleigh waves, named after their
discoverers, travel along the earth’s surface.

Motion at Site

Scratch left on a floor by a kitchen range in the
1933 Long Beach earthquake that shows the
random nature of earthquake motion.
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Acceleration Forces

Forces and Gravity

Because ground motion waves produce

... NEWTON’S SECOND LAW OF MOTION inertial forces within structures, these forces
obey Newton’s Second Law of Motion. This
fundamental equation establishes the forces

— for which buildings must be designed to resist
— earthquakes.
force mass acceleration

Acceleration

NEWTON’S The acceleration, or the rate of change of the
APPLE velocity of the waves that set the building in
motion, is used in an equation, derived from
acceleration is Newton’s Second Law of Motion to estimate
measured in “gs". the percentage of the building mass or weight
one g is the that must be dealt with as a horizontal force.
acceleration due
to gravity

1.0 g = 32 feet/second

Acceleration

Some common examples of acceleration.
The skydivers are falling under the action of
gravity, 1g.

0.0001 “g" human

perception

nine "g" airforce display team
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Period and Resonance

Fundamental Period and Resonance

Every object has a fundamental period at
which it vibrates if it is set in motion.
It cannot vibrate at another period unless it

: . is dragged back and forth. The ground also
N /T\ / has a fundamental period. If an object is set
!l ! 'jlf in motion by an external force such as ground
- > shaking, which is at the fundamental period of
el 1 second period the object, the result will be “resonance” and
each object has .'[5 o the motion of the object will tend to increase.
fundamental period at which it ) )
will vibrate When you push a child on a swing, you

instinctively give it a push at its fundamental
period, which results in an enjoyable increase
in the motion with very little force applied.

Similarly, if the ground pushes a building with the same period as the motion, the accelerations in
the building will increase, perhaps four or five times.

Fundamental Period in Seconds

This shows typical periods for structures.

The main determinant of period is building
height and proportion; thus, a tall slender
object will have a long period and sway back
and forth quite slowly while the 40-story build-
ing will sway gently back and forth once every
7 seconds.

AQ stor

Height is the main building determinant

SOURCE: ARNOLD AND ALEXANDER, 2001.

4.2.3 Common Measures of Earthquakes

Perhaps the most familiar measure of earthquakes is the Richter
Magnitude, devised by Professor Charles Richter of the California
Institute of Technology in 1935. Richter’s scale is based on the maximum
amplitude of certain seismic waves recorded on a standard seismograph
at a distance of 100 kilometers (km) from the earthquake epicenter.
Because the instruments are unlikely to be exactly 100 km from the
source, Richter devised a method to allow for the diminishing of wave
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amplitude with increased distance. The Richter

scale is logarithmic, and each unit of magnitude in- Magnitude is not a measure of damage,
dicates a ten-fold increase in wave amplitude. The but a physical characteristic of an earth-
energy level is multiplied by approximately 31 times quake. An earthquake with magnitude 6.7
for a unit increase in Richter magnitude scale. The that occurs in a remote area may cause
scale is open-ended, but a magnitude of about 9.5 no damage to manmade structures, but
represents the largest earthquake scientists now one with the same magnitude can cause
expect within the current understanding of move- considerable damage if it occurs close to
ment in the earth’s crust. an urban area.

Among scientists, the Richter Magnitude has been replaced by the
Moment Magnitude, a similar measure of energy that is based on the
physical characteristics of the fault rupture, which is a more useful mea-
sure for large events. The Moment Magnitude scale produces values
similar to the Richter scale, and for damaging earthquakes, values are
normally in the 5.5 to 8.0 range, although magnitudes over 9.0 also occur.

The level of earthquake damage is often measured by intensity scales;
one common scale used in the United States is the Modified Mercalli
Intensity (MMI) scale, reported in Roman Numerals from I to XII. MMI
is often incorrectly used to measure the size of an earthquake. In fact, the
MMI is assigned to small areas, like zip codes, based on the local damage
to structures or movements of soil. Many MMIs can be associated with a
single earthquake because the shaking, and therefore the damage, di-
minishes as the distance to the epicenter increases. Although the MMI is
useful for the purpose of comparing damage from one event to another
(particularly events for which little or no instrumental measurements are
available), it is very subjective, and scientists and engineers prefer instru-
mental measurements of the ground shaking to measure intensity.

Scientists and engineers need measures of the damaging characteristics
of earthquakes to compare the inherent risk at different locations, and
to develop design solutions to limit damage to acceptable levels. The uni-
versal characteristic of earthquakes, and the one that can be measured
most precisely, is ground motion. Extensive networks of instruments are
now employed on the ground and in buildings and other structures to
record continuously the motions during an earthquake. The ever-grow-
ing database of earthquake recordings can be analyzed in various ways
to develop appropriate measures of intensity that best predict potential
damage to buildings and other structures, nonstructural systems, and the
possibility of liquefaction and landslides.

Table 4-1 shows significant earthquakes (Magnitude VI or over) that oc-
curred in 47 of the 50 U.S. States between 1568 and 1989.
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Table 4-1: Known historic (1558—-1989) earthquakes in 47 U.S. States

Number of Quakes with Reported Maximum
Modified Mercalli Intensity (MMI) of:

V2 Vi

Alabama 5 7 —
Alaska 41 21 13
Arizona 1 3 1

Arkansas 8 3 2
California 329 131 66
Colorado 19 1 —
Connecticut 2 1 —
Delaware — 1 —
Florida 2 — —
Georgia 5 — —
Hawaii 30 13 10
Idaho 12 4 2
lllinois 18 12 —
Indiana 5 2 —
Kansas 4 2 —
Kentucky 8 1 —
Louisiana 1 — —
Maine 7 2 —
Massachusetts 8 7 3

Michigan 1 1 1

Minnesota 3 — —
Mississippi 2 — —
Missouri 14 2 3

Montana 35 4 5

Nebraska 4 2 —
Nevada 28 10 8

New Hampshire 7 2 —
New Jersey 5 1 —
New Mexico 29 10 8

New York 16 6 2

North Carolina 5 2 —
North Dakota 1 — —

4-10
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Table 4-1: Known historic (1558—-1989) earthquakes in 47 U.S. States

Number of Quakes with Reported Maximum
Modified Mercalli Intensity (MMI) of:

Vi

Ohio 9 5 1

Oklahoma 9 2 —
Oregon 10 1 —
Pennsylvania 7 1 —
Rhode Island 1 — —
South Carolina 17 2 1

South Dakota 6 — —
Tennessee 12 2 —
Texas 7 1 —
Utah 31 8 5
Vermont 1 — —
Virginia 12 1 1

Washington 37 6 3
West Virginia 1 — —
Wyoming 8 1 —

Notes:

a. Felt by all. Some heavy furniture moved; a few instances of fallen plaster. Damage slight.

b. Damage negligible in buildings of good design and construction; slight to moderate in well-
built ordinary structures; considerable damage in poorly built or badly designed structures;
some chimneys broken.

4.2.4 Determination of Local Earthquake Hazards

Earthquake hazard maps are available in model codes, such as the IBC,
and standards such as ASCE 7. Values representing ground shaking
hazard are mapped for building periods of 0.2 second and 1.0 second.
Examples of these maps are shown in Figure 4-3. Building codes and
standards allow engineers to calculate the appropriate spectral response
value for other building periods, as shown in Figure 4-4. Mapped values
are for a hypothetical earthquake with a 2-percent probability of exceed-
ance in 50 years. Site class, which is a measure of soil conditions at the
building site, is also described in building codes and standards and influ-
ences the determination of ground shaking hazard at the building site.
Site Class A represents hard rock, and Site Class E represents a very soft
site with potential soil failure.

DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS 4-11



MAKING SCHOOLS SAFE FROM EARTHQUAKES

1.0 sec Spectral Acceleration (%g) with 2% Probability of 0.2 sec Speciral Acceleration (%g) with 2% Probability of

Exceedance in 50 Years Exceedance in 50 Years
site: NEHRP B-C boundary site: NEHRP B-C boundary

SR g
T

g
VA
D B

USGS Map,
Oct. 2002

USGS Map,
Oct. 2002

Figure 4-3: Examples of national seismic hazard maps

Figure 4-4: Responce Spectrum Shapes for Different Site Classes
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. . — Site Class C
different soils —— Site Class D

—— Site Class E
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More detailed information on the seismic hazard than is shown on the
code maps, such as those in the IBC or ASCE 7, can be obtained from the
USGS Earthquake Hazards Program Web site at http://earthquake.usgs.
gov/. The USGS provides more detailed earthquake hazard maps for
general regions such as the western, central, and eastern United States.
The USGS provides more localized seismicity information for any loca-
tion in the United States on the basis of latitude and longitude or zip
code. This information can be obtained by downloading the Ground
Motion Parameter Calculator at http://earthquake.usgs.gov/hazards/
designmaps/javacalc.php. The calculator provides the seismic design pa-
rameters generally needed to conform to current building codes.
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4.3 Vulnerability: What Earthquakes Can Do to
Schools

uch of the information developed on what earthquakes can do

to schools comes from California because of the prevalence of

earthquakes in that State. In general, the seismic performance
of newer buildings has been good, although considerable costly and
dangerous nonstructural damage still occurs. California public school
design and construction has been subject to strict regulation since 1933,
which undoubtedly contributes to good performance. Many of the dam-
age examples shown in this section are of older school buildings, which
reflects the continued use of long-lived school buildings constructed in
the early 20th century.

4.3.1 Vulnerability of Schools

Older unreinforced masonry school buildings present a very high seismic
risk, and have been prohibited by law in California since the mid-1930s
following severe damage to schools of this type in the 1933 Long Beach
earthquake. Mid-rise nonductile reinforced concrete frame structures
pose an even greater risk. “Nonductile” refers to the frame’s lack of duc-
tility (flexibility), or ability to deform considerably before breaking (see
Figure 4-5). Reinforced concrete frames are made ductile by introduc-
ing an appropriate, code-specified amount of specifically designed steel
reinforcing. Unfortunately, the need for this ductility was not recognized
in seismic codes until the mid-1970s, so a large inventory of nonductile
structures is still in use (see Figure 4-6).

Ductility

Ductility is the characteristic of materials such as steel that fail
only after considerable deformation
has occurred.

Bent metal
Ductile

\ ‘ / Broken

lastic
‘\ °
Nonductile materials brittle

(like poorly reinforced concrete) Nonductile
fail without warning in a brittle manner

Figure 4-5:
Ductility

SOURCE: ARNOLD AND
ALEXANDER, 2001
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Figure 4-6:

Collapse of portion of
nonductile concrete
frame school structure,
Helena, MT, 1935

SOURCE: NATIONAL
INFORMATION SERVICE FOR
EARTHQUAKE ENGINEERING,
UNIVERSITY OF CALIFORNIA,
BERKELEY

Figure 4-7:

Modular classrooms
pushed off their
foundations; note stairs
at left, Northridge, CA,
1994

SOURCE: GARY MCGAVIN,
REDLANDS, CA

Wood frame structures perform effectively, provided that they are well
constructed with code-specified nailing of shear walls and properly de-
tailed roof-to-wall connections. Good maintenance, ensuring continued
protection against moisture and insects, is also critical to the perfor-
mance of wood frame structures. Newer structures, employing frames
and fewer walls, also perform effectively if well designed and constructed
in accordance with building codes. Their response differs from that of
shear wall structures, which are stiff and resistant to lateral forces. Frame
structures can be more flexible than rigid shear wall structures because
the forces on the structural members are reduced.

Modular structures, often used as temporary classrooms, are liable to top-
ple off their foundations during an earthquake, unless securely attached
and braced. This damage is not life-threatening, but makes the build-
ing unusable; fractured power, gas, and waste lines may be a hazard (see
Figure 4-7).
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If the structure type employs long-span roof
and floor members, seismic forces may cause
excessive drift, or sway, which can damage non-
structural components, such as hung ceilings,
light fixtures, light partitions, and contents.
Storage units, filing cabinets, and library shelving
in any type of structure can be hazardous if not
properly braced (see Figure 4-8), as can heavy
equipment (see Figure 4-9). Piping, ductwork,
electrical conduits, and communication path-
ways (cable trays) may also be damaged. Broken
pipes can create additional hazards in the form
of flooding or loss of water for fire protection.

School occupants are particularly vulnerable to
nonstructural damage. Although students and
staff may duck under desks and be safe from fall-
ing objects such as lighting fixtures and ceiling
tiles, ceiling components that fall in hallways
and stairs can make movement difficult, partic-
ularly if combined with power failure and loss
of lighting. Wall-mounted televisions or ceiling-
mounted liquid crystal display (LCD) projectors
are common in schools and present additional
falling hazards.

Pendant light fixtures may fall if they are not se-
curely attached and not designed to swing freely
(see Figure 4-10). Large glass walls and windows,
not designed to accommodate inter-story drift
due to seismic forces, present another hazard for

Figure 4-8:
Fallen filing cabinets and shelves, Northridge, CA,
1994

SOURCE: GARY MCGAVIN, REDLANDS, CA

Figure 4-9:
Fallen shop equipment,
Coalinga, CA, 1983

SOURCE: GARY MCGAVIN,
REDLANDS, CA
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Figure 4-10:
Fallen light fixtures, library, Coalinga, CA, 1983
SOURCE: GARY MCGAVIN, REDLANDS, CA

densely occupied classrooms as demonstrated in
California schools that have suffered from recent
earthquakes. Incorporating glazing designed to
resist wind-borne debris and physical attack, as
well as glazing support systems that can accom-
modate interstory drift, can reduce the hazards
caused by earthquake motion.

Heavy lath and plaster ceilings in older audi-
toriums (and assembly buildings) can also be
dangerous depending on their attachment and
materials (see Figure 4-11).

4.3.2 Earthquake Damage to Schools

Most available information on earthquake dam-
age to schools comes from California. Its high
incidence of earthquake activity has led to the
adoption of sophisticated seismic building codes
for all buildings, and special plan checking and in-
spection requirements, enforced by the State, for
school buildings.

Considering the number of significant earth-
quakes in California since the early years of the
20th century, severe structural damage to schools
and casualties has been relatively limited, except
in the Long Beach earthquake of 1933. No stu-

dent has been killed or seriously injured in a California school during an
earthquake since 1933. In the Long Beach earthquake, which struck at
5:55 p.m. on March 10, 1933, damage to unreinforced masonry (URM)

Figure 4-11:

Fallen heavy lath and
plaster ceiling across
auditorium seating,
Northridge, CA, 1994

SOURCE: GARY MCGAVIN,
REDLANDS, CA
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school buildings was so severe that there would have been many casu-
alties had they been occupied (see Figures 4-12, 4-13, and 4-14). As a
result, the State passed the Field Act within a month of the earthquake.

The Field Act required that all public school build-
ings be designed by a California-licensed architect
or structural engineer, that plans be checked by
the then Department of General Services, and
that construction be continuously inspected by
qualified independent inspectors retained by the
local school board. The Department of General
Services set up a special division, staffed by struc-
tural engineers, to administer the provisions of
the Act. The Field Act, which is still enforced to-
day, has greatly reduced structural damage to
California schools.

The earthquake also resulted in the passage of the
Riley Act, which governed the design of all build-
ings, with a few exceptions. The Riley Act required
all buildings in the State be designed to a specified
lateral force, and effectively outlawed unrein-
forced masonry construction.

Figure 4-13:
Damage to shop building, Compton Junior High School,
Long Beach, CA, 1933

SOURCE: NATIONAL INFORMATION SERVICE FOR EARTHQUAKE
ENGINEERING, UNIVERSITY OF CALIFORNIA, BERKELEY

Figure 4-12:

Damage to the John Muir
School, Long Beach, CA,
1933

SOURCE: NATIONAL INFORMATION
SERVICE FOR EARTHQUAKE
ENGINEERING, UNIVERSITY OF
CALIFORNIA, BERKELEY
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Figure 4-14:

A dangerous
passageway between
two buildings,
Polytechnic High School,
Long Beach, CA, 1933

SOURCE: NATIONAL
INFORMATION SERVICE FOR
EARTHQUAKE ENGINEERING,
UNIVERSITY OF CALIFORNIA,
BERKELEY

Figure 4-15:

A heavy corridor lintel
ready to fall, Emerson
School, Bakersfield,
Kern County, CA, 1952

SOURCE: NATIONAL
INFORMATION SERVICE FOR

EARTHQUAKE ENGINEERING,
UNIVERSITY OF CALIFORNIA,

BERKELEY

In 1952, Kern County, in the Bakersfield region, some 70 miles north of
Los Angeles, experienced a series of earthquakes. Two groups of earth-
quakes occurred; the first, in the last week of July, included one with
a magnitude of 7.6 on the Richter scale. The second group occurred
in late August, and one earthquake, near the city of Bakersfield, had a
magnitude of 5.9 on the Richter scale. Ten deaths resulted from the July
earthquake and two from the August earthquake.

The Bakersfield earthquakes are of particular interest because the
incidence of school damage is comparable to that resulting from earth-
quakes striking today in regions where seismic codes have not been
adopted and enforced due to the rarity of seismic events (see Figures
4-15, 416, and 4-17).
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Figure 4-16:
Overturned shop equipment and failed light fixtures, Kern
County, CA, 1952

SOURCE: NATIONAL INFORMATION SERVICE FOR EARTHQUAKE
ENGINEERING, UNIVERSITY OF CALIFORNIA, BERKELEY

Figure 4-17:

Destroyed exit corridor,
Bakersfield, Kern
County, CA, 1952

SOURCE: NATIONAL
INFORMATION SERVICE FOR
EARTHQUAKE ENGINEERING,
UNIVERSITY OF CALIFORNIA,
BERKELEY
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Figure 4-18:
Typical school damage,
Helena, MT, 1935

SOURCE: NATIONAL
INFORMATION SERVICE FOR
EARTHQUAKE ENGINEERING,
UNIVERSITY OF CALIFORNIA,
BERKELEY

There were no school-related casualties in 1952, as the earthquakes oc-
curred outside school hours. At that time, the Field Act had been in
force for nearly 20 years, and the newer schools had been constructed to
conform to its requirements. Of the 58 masonry schools in the region, 18
had been constructed after the Field Act. Of these, one school construct-
ed of grouted reinforced brick and incurred approximately 1 percent,
or moderate, damage. Of the 40 non-Field Act schools, 1 collapsed,
15 suffered severe damage, and 14 suffered moderate damage. In the
Bakersfield City School District, 175 classrooms and 6,500 students were
displaced and only about 10 classrooms were quickly put back in service.
Nonstructural damage to ceilings and light fixtures was considerable.

Other States have experienced similar damage to URM and early rein-
forced concrete structures. Schools in Helena, MT, suffered considerable
damage in 1935 (see Figure 4-18). In 1949, several URM schools in
Seattle were severely damaged, resulting in one fatality (see Figures 4-19
and 4-20). At Puyallup High School, three boys on a stage just managed
to escape when the roof collapsed (see Figure 4-21). The furniture and
contents also sustained widespread damage (see Figure 4-22).
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Figure 4-19:
The student body president was Killed here by falling
brickwork, Seattle, WA, 1949

SOURCE: EARTHQUAKE ENGINEERING RESEARCH INSTITUTE,
OAKLAND, CA. PHOTO FROM A.E. MILLER COLLECTION, UNIVERSITY OF
WASHINGTON ARCHIVES

Figure 4-20:
Another dangerous entry
collapse, Seattle, WA, 1949

SOURCE: EARTHQUAKE
ENGINEERING RESEARCH
INSTITUTE, OAKLAND, CA.
PHOTO FROM SEATTLE SCHOOL
ARCHIVES
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Figure 4-21:
Collapse of roof over stage, Seattle, WA, 1949

SOURCE: NATIONAL INFORMATION SERVICE FOR EARTHQUAKE
ENGINEERING, UNIVERSITY OF CALIFORNIA, BERKELEY

Figure 4-22:

Damage to library
shelving, Seattle, WA,
1949

SOURCE: NATIONAL
INFORMATION SERVICE FOR
EARTHQUAKE ENGINEERING,
UNIVERSITY OF CALIFORNIA,
BERKELEY
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4.3.3 Significant School Damage in U.S. Earthquakes

In the Anchorage, AK, earthquake of 1964, which registered 8.4 on the
Richter scale, a number of public schools were damaged, but none col-
lapsed. The earthquake occurred on Good Friday at 5:36 p.m. when the
schools were unoccupied. The most seriously damaged school (shown in
Figure 4-1) was subsequently demolished. At the West Anchorage High
School (see Figures 4-23 and 4-24), a two-story nonductile concrete-
frame and shear-wall classroom wing suffered severe structural damage
and the near total failure of a number of columns. Structural distortion

also created a number of severe glass breakages. The second floor was
removed during reconstruction and the first floor was repaired and re-
tained. In the San Fernando, CA, earthquake of 1971, there were no
injuries and no schools collapsed; however, the earthquake caused $13.2
million in damages (in 1971 dollars), and 100 pre-Field Act schools were
demolished within 1'% years after the earthquake.

Figure 4-23:

Severe structural damage
to the West Anchorage High
School, Anchorage, AK, 1964

SOURCE: NATIONAL INFORMATION
SERVICE FOR EARTHQUAKE
ENGINEERING, UNIVERSITY OF
CALIFORNIA, BERKELEY

A survey of 1,544 public school buildings showed that only three schools
sustained severe damage as a result of the magnitude 6.9 Loma Prieta
(San Francisco Bay area) earthquake of 1989. A portable classroom near
Santa Cruz was rocked off its unbraced and unanchored supports. An
elementary school in Los Gatos was subjected to severe shaking, but dam-
age was limited to nonstructural and contents shifting, except in one
classroom wing, where ground heaving raised and cracked the floor slab,
jamming a door and window shut.
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Figure 4-24:
Brittle failure at nonductile concrete column,
West Anchorage High School, 1964

SOURCE: NATIONAL INFORMATION SERVICE FOR EARTHQUAKE
ENGINEERING, UNIVERSITY OF CALIFORNIA, BERKELEY

Tagging

A post-earthquake evaluation procedure has been developed in California that employs colored
placards, or “tags,” affixed to buildings, that show that the building has been inspected and indicate
the level of safety. The colors of the tags and their safety level classification follow:

A red tag indicates UNSAFE: Extreme hazard, may collapse. Imminent danger of collapse
from an aftershock. Unsafe for occupancy or entry, except by authorities.

by owner permitted only for emergency purposes and only at own risk. No usage on con-
tinuous basis. Entry by public not permitted. Possible major aftershock hazard.

D A yellow tag indicates LIMITED ENTRY: Dangerous condition believed to be present. Entry

A green tag indicates INSPECTED: No apparent hazard found, although repairs may be
required. Original lateral load capacity not significantly decreased. No restriction on use or
occupancy.

SOURCE: ATC, 1995

A San Francisco High School suffered severe structural cracking from the
Loma Prieta earthquake. The school was constructed in 1920 as an auto-
mobile manufacturing building and was structurally upgraded in 1947.
Restoration costs after the earthquake were estimated at $10 million.
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Total restorations for the San Francisco school district were estimated to
be $30 million; for Oakland, the district losses were $1.5 million. Though
undamaged, an elementary school in San Francisco was closed because
of the potential collapse of a nearby elevated freeway structure, which
was considered a hazard to the building and its occupants. Hazards from
unbraced and unanchored nonstructural items were evident in many
buildings, including pendant-mounted light fixtures, suspended acous-
tical ceilings, and unanchored furniture and contents such as filing
cabinets and shelving.

In the Northridge, CA, earthquake of 1994, 17 school buildings were red
tagged and 89 buildings were yellow-tagged. All of the public schools in
this area, except for one, were capable of receiving students after post-
earthquake debris was cleared. In some schools, portions of the campus
and certain structures needed to be closed to students until further eval-
uations could be performed, but the schools were able to open (McGavin
1994). Examples of nonstructural damage are provided in Figures 4-25,
4-26, and 4-27). If the schools had been in session, nonstructural dam-
age could have caused injuries. In 1995, the California Seismic Safety
Commission (CSSC) recommended that a percentage of future school
bond proceeds be used to abate life-threatening nonstructural and
building contents deficiencies in public schools (1995). In 1999, legis-
lation was passed for public schools to address securing nonstructural
elements, and in 2003 detailed guidelines were published to aid public

schools in identifying and correcting nonstructural hazards (California
Emergency Management Agency, 2003).

Figure 4-25:
Ceiling damage,
Northridge, CA, 1994

SOURCE: GARY MCGAVIN,
REDLANDS, CA
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Figure 4-26:

Damage to ceramic Kiln,
including fractured gas
line, Northridge, CA,
1994

SOURCE: GARY MCGAVIN,
REDLANDS, CA

Figure 4-27:
Line of suspended light fixtures fallen on teacher’s
station, Northridge, CA, 1994

SOURCE: EARTHQUAKE ENGINEERING RESEARCH INSTITUTE,
OAKLAND, CA, AND GARY MCGAVIN, REDLANDS, CA
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4.3.4 Consequences: Casualties, Financial Loss, and

Operational Disruption

Casualties in California schools have been few, primarily due to regulation
by the Field Act and by chance. Significant Alaskan and California earth-

quakes, from Santa Barbara (1925) to Northridge
(1984) have all occurred outside of school hours.
Consequently, the effects of a major earthquake
when schools are fully occupied have not been
experienced. In other regions, casualties have
been few; in the Seattle earthquake of 1949, two
school children died in Tacoma when bricks cas-
caded onto exit ways. The closure of other Seattle
schools for spring vacation averted fatalities and
serious injuries in similar building failures.

The impact of school closure as a result of damage
is the loss of public service and severe disruption
for students, faculty, and staff. Ultimately, the tax-
payer bears the costs, but this is spread over the
whole community, the State, and the Federal
Government. Typically, schools are self-insured
and do not purchase insurance on the private
market. For a private school, closure means a se-
rious loss of revenue; in addition to the costs of
repair, the students may not return if the school is
closed for a long time. Therefore, obtaining insur-
ance may be a prudent measure.

As with any of the natural hazards reviewed in this
manual, an earthquake can close a school, keep-
ing the school district from doing its main job
(i.e., teaching students). The length of the closure
will depend on the severity and types of damage.
It may also depend on whether the building was
fully insured or whether disaster assistance will be
available quickly enough to allow speedy repairs
and reconstruction. Sometimes repairs are put on
hold, pending a decision on whether the building
should be repaired or condemned.

School closures from natural disasters also result
in social and psychological difficulties for students,
parents, faculty, staff, and the administration dur-
ing the time the school is not usable, as illustrated
by the quotations.

“From the standpoint of children and
families, after an impact is a particu-
larly bad time for schools to be closed.
Damaged homes and neighborhoods
are dangerous and depressing places.
Children are often left with no safe
place to play when yards, playgrounds,
and recreational programs are lost, no
one to play with when playmates and
friends are forced to relocate and par-
ents are too busy dealing with survival
and rebuilding issues to have much
time for them.”

“The closing of a local school is highly
disruptive to social networks and,

if it becomes permanent, can rob a
neighborhood of its identity and cohe-
sion. One of the most dramatic effects
that can occur to a severely impacted
community is when a school is closed
for a long time, maybe even perma-
nently, due to regional depopulation
after homes are destroyed.”

“Getting schools reopened quickly has
been found to be an important step
toward rebuilding the community as a
whole.”

“An understudied area is the long-term
effect of major disasters on the educa-
tion and development of children.”

“The shock of being uprooted and
moved to a new school, even tempo-
rarily, can be very difficult for children.
The effects can be particularly
traumatic if they occur at a critical
developmental time, such as the senior
year with its preparation for college
and graduation festivities.”

SOURCE: THE HEINZ CENTER, HUMAN LINKS TO
COASTAL DISASTERS, H. JOHN HEINZ Il CENTER
FOR SCIENCE, ECONOMICS AND THE ENVIRONMENT,
WASHINGTON, DC, 2002
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4.4 Scope, Effectiveness, and Limitations of Codes

eismic design is highly developed, complex, and strictly regulat-

ed by codes and standards. Seismic codes present criteria for the

design and construction of new structures subject to earthquake
ground motions in order to minimize the hazard to life and to improve
the capability of essential facilities to function after an earthquake. To
these ends, current building codes provide the minimum requirements
necessary for reasonable and prudent life safety.

Seismic code requirements include:

A methodology for establishing the design ground motion at any site
based on seismicity and soil type

Procedures for the seismic analysis of the building structure and key
nonstructural components and systems

Some detailed design requirements for materials, systems, and
components

Definitions of irregular building configurations and limitations on
their use

Building height limitations related to structural type and level of
seismicity

Building codes and seismic design practices evolved rapidly as the result
of intensive research and development in the United States and else-
where during the second half of the 20th century.

Building codes for cities, States, or other jurisdictions throughout the
United States are typically based on the adoption, sometimes with more
restrictive local modification, of a model building code. Up until the
mid-1990s, there were three primary model building code organizations:
Building Officials and Code Administrators International, Inc. (BOCA),
International Conference of Building Officials (ICBO), and Southern
Building Code Congress International, Inc. (SBCCI). In 1994, these
three organizations united to found the ICC, a nonprofit organization
dedicated to developing a single set of comprehensive and coordinated
national model construction codes. The first code published by ICC was
the 2000 IBC, which reflected the NEHRP Recommended Provisions for Seismic
Regulations for New Buildings and Other Structures (NEHRP Provisions)
(2000a). Later editions of the IBC reference ASCE 7 for its seismic pro-
visions. Some jurisdictions in the country may still be using the Uniform
Building Code (UBC) seismic provisions (its final update was in 1997),
though most have adopted or are preparing to adopt the IBC. Provisions
of the IBC are predominantly used throughout the United States.
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4.4.1 The Background of Seismic Provisions in Building Codes

Building code provisions for seismic design have been available in
the United States since the initial regulations for the protection of
buildings against earthquakes first appeared in the UBC in California
in 1927. Beginning in the 1950s, the earthquake-resistant design
provisions of the three model codes used as the basis for building
regulation in the United States were based on recommendations de-
veloped by the seismology committee of the Structural Engineers
Association of California and contained in their publication known
as the “Blue Book.”

In the early 1980s, FEMA—one of the lead agencies in NEHRP—issued
a contract to the Building Seismic Safety Council for the update and
continued development of a seminal document, 7Tentative Provisions
Jor the Development of Seismic Regulations for Buildings, ATC-3-06, origi-
nally published in 1978 by the ATC, a non-profit research foundation
set up after the San Fernando earthquake of 1978 to recommend
improvements in the seismic building code. Provisions of ATC-3-06
subsequently provided the basis for the NEHRP Provisions (2000a),
which was released in 1985 and continues to serve as the primary re-
source document for earthquake design requirements in ASCE 7.

Building codes such as the IBC currently address seismic design pri-
marily through reference to ASCE 7.

4.4.2 Seismic Codes and Schools

Seismic codes are concerned primarily with types of structures and in-
clude few provisions that relate to specific occupancies. The IBC (2009)
categorizes school buildings with occupant load greater than 250 as
Type III: “...buildings and other structures that represent a substantial
hazard to human life in the event of failure....” Type III buildings are
assigned an Importance Factor of 1.25. This means that the seismic
force calculated by use of the Equivalent Lateral Force (ELF) proce-
dure would be multiplied by 1.25 so that schools are designed to a
higher standard than ordinary buildings.

As previously mentioned, California K-12 schools are regulated by the
Field Act, which singles out the design and construction of schools to
resist earthquakes and is an important model for other States to con-
sider. However, the Field Act is not a code; it requires that schools be
designed by a licensed architect or structural engineer, that plans and
specifications be checked by the Department of the State Architect,
and that independent testing and inspection be conducted during
construction.
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Implementing the nonstructural provisions of the seismic code will sig-
nificantly reduce damage to nonstructural components and reduce the
potential for school closings because of ceiling and lighting damage, par-
tition failures, and loss of essential utilities. In the case of nonstructural
provisions, the code goes somewhat beyond the structural objective of
only reducing the risk of casualties. However, recent experience with
earthquakes has shown that nonstructural damage to schools can be
dangerous to the occupants, costly to repair, and operationally disrup-
tive. Guidance on design to reduce nonstructural damage is provided
in FEMA 74, Reducing the Risks of Nonstructural Earthquake Damage: A
Practical Guide (1994).

4.4.3 The Effectiveness of Seismic Codes

Building codes originated in the effort to reduce risk to health and safe-
ty, rather than reducing property loss, but as they evolved, they indirectly
and directly assisted in reducing building damage. They establish the
minimum standards for safety commensurate with affordability and oth-
er impacts such as measures that might create extreme inconvenience to
occupants or seriously reduce the building’s functional efficiency.

Engineers generally agree that, based on California’s earthquake expe-
rience, regulation through a properly enforced seismic code has largely
fulfilled the intent of ensuring an acceptable level of safety to avoid death
and injury. The performance of school buildings in recent California
earthquakes substantiates this; structural damage has been minimal in
schools designed to the most recent seismic codes. Application of the
Field Act ensures that schools are designed and constructed to more rig-
orous standards than most other buildings.

However, the effectiveness of seismic codes is subject to some
qualifications:

The standards of code enforcement vary considerably, and smaller
jurisdictions may not have trained engineering staff to conduct ef-
fective plan checks and inspections.

The nonstructural provisions of the seismic codes are often not ad-
opted at the local level. Nonstructural components have not been
regulated to the same level of care as structural components, and
have been the cause of considerable economic loss and disruption
of operation.

The code can be misinterpreted and design errors made due to in-
experience of both designers and building officials.
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4.5 Evaluating Existing Schools for Seismic Risk
and Specific Risk Reduction Methods

everal FEMA-sponsored publications are available to assist in the

evaluation process. These guides, first developed in the 1980s, are

used extensively. This section also provides a simple seismic evalu-
ation checklist that focuses specifically on schools.

The procedures for seismic evaluation of schools are listed below in
the order in which they would be used, starting with a simple screening
process.

4.5.1 Rapid Visual Screening

The Rapid Screening Procedure (RSP) published in FEMA 154, Rapid
Visual Screening of Buildings for Potential Seismic Hazards: A Handbook
(2002b), is intended as an initial step in identifying hazardous buildings
and their deficiencies. Buildings identified by this procedure to be po-
tentially hazardous must be examined in more detail by a professional
engineer experienced in seismic design. Because this screening is aimed
at providing a low-cost method of identifying large inventories of po-
tentially hazardous buildings for public and private owners, and thus
reducing the number of buildings that should be subject to a more de-
tailed evaluation, it is designed to be performed from the street without
benefit of entry into a building.

The screening procedures can be completed in 20 to 30 minutes for each
building. In some cases, hazardous details may not be visible, and seismi-
cally hazardous structures will not be identified as such. Nonstructural
interior components are not evaluated. Conversely, buildings identified
as potentially hazardous may prove to be adequate.

The RSP is most useful for large school districts, municipalities, or even
States that wish to get an economical preliminary evaluation of the seis-
mic risks faced by their school inventory. The procedure is not intended
to provide a definitive evaluation of the individual buildings.

The RSP is based on a visual survey of the building and a data collection
form used to collect critical information. The collection form includes space
for sketches and a photo of the building, as well as pertinent earthquake-
safety related data. FEMA 154 provides the inspector with background
information and data required to complete the form (see Figure 4-28). The
procedure is designed to be performed by individuals with some knowledge
of buildings who are not necessarily professional architects or engineers
and are not familiar with seismic design. It has been successfully applied by
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screening information

form

architectural and engineering students. The
methodology enables the inspector to iden-
tify significant seismic-related defects and
to arrive at a numerical score, with a hazard
ranking of 1-6.

Surveyed buildings are divided into two
categories: those that are expected to
have acceptable seismic performance, and
those that may be seismically hazardous
and should be studied further. A score of 2
is suggested as a “cut-off” based on current
seismic knowledge (i.e., if a building has
a hazard ranking of 2 or less, it should be
investigated by a structural engineer expe-
rienced in seismic design).

4.5.2 Systems Checklist for School
Seismic Safety Evaluation

Table 4-2 represents a simplified version
of ASCE 31, Seismic Evaluation of Existing
Buildings (2003); also see Section 4.5.3.
This simplified version focuses on struc-
systems and

tural and nonstructural

components found in schools. The evaluation questions are organized
by system basis and are designed to establish whether the building is a
potential seismic hazard and, if so, what its specific vulnerabilities are.

Use of the checklist requires some seismic engineering knowledge, but
the information can be obtained by visual inspection and no engineering
calculations are necessary. The checklist can be used in conjunction with
the RSP procedure, and augments the RSP analysis because it requires
access to the building and review of design drawings, both of which are
likely to be available to evaluate a public school building.

The checklist can also be useful in interdisciplinary discussions between
consultants and school district personnel, and can assist consultants in
fee negotiation with the client.

4-32
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Table 4-2: School seismic safety evaluation checklist

System . . Evaluation .
= Evaluation Question YorNor EENIENH: Data References
Identifier T
1 Site
Is there is an active fault If suspected, site-specific geologic Local building
on or adjacent to the site? investigations should be performed. department, State
geologist, local
university, or local
geotechnical consultant
Does the site consist of If softer soils that can lead to force Local building
stiff or dense soil or rock? amplification are suspected, site- department, State
specific geologic investigations geologist, local
should be performed. university, or local
geotechnical consultant
Are post-earthquake Alternative routes, unlikely to be Inspection by district
site egress and access blocked by falling buildings, power personnel/architect
secured? lines, etc., are desirable.
Are utility and Security of the entire utility and Inspection on site by
communications lifelines communications network is the district personnel and
vulnerable to disruption issue: the school may be impacted Mechanical/Electri-
and failure? by off-site failures. cal/Plumbing (M/E/P)
consultants; for off site,
contact local power and
communications provid-
ers
Are there alternate or Alternate sources increase the Inspection personnel
backup sources for vital probability of the school remaining and district personnel,
utilities? functional after an event, particularly M/E/P consultants, and
if the school is used for post- local utility suppliers
earthquake shelter.
1 Site
Are building setbacks Inadequate spaces between ASCE 31, Section
adequate to prevent building walls are common in dense 4.3.1.2
battering from adjacent urban settings.
buildings?
Is there adequate space Outside spaces can be used as Inspection personnel
on the site for a safe and safe post-earthquake assembly and district personnel/
“defensible” area of refuge areas for school occupants and architect/local
from hazards for building possibly the community. emergency staff
occupants?
2 Architectural
Configuration

Is the architectural/
structural configuration
regular?

Irregular vertical and horizontal
configurations, such as re-entrant
corners and soft first stories,

may lead to significant stress
concentrations.

ASCE 31, Section 4.3.2
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Table 4-2: School seismic safety evaluation checklist

System . ; Evaluation .
el Evaluation Question AU Guidance Data References
Identifier comment
2 Architectural
Planning and Function
Are exit routes, including Schools sometimes have large Inspection by district
stairs, protected from unbraced lockers in hallways, or personnel
damage and clear from store other materials, such as tall
nonstructural elements filing cabinets or bookcases, that
or contents t_hat might fall may fall and block exits. ASCE 31, Section
and block exit ways?
4.8.11.
Ceilings
Are suspended ceilings Suspended ceilings easily distort ASCE 31, Section
braced and correctly (particularly in light and flexible 4.8.2.
attached at walls? frame structures), thus causing
ceiling panels to fall if not properly
designed and constructed.
Are heavy plaster Heavy lath and plaster ceilings in ASCE 31, Section
suspended ceilings older schools are very dangerous if 4.8.2.
securely supported and poorly supported.
braced?
Partitions and Space Division
Are partitions that Partitions need support for out- ASCE 31, Section 4.8.1.
terminate at a hung ceiling of-plane forces. Attachment to a
braced to the structure suspended ceiling is inadequate.
above?
Are masonry or hollow tile Heavy partitions develop strong ASCE 31, Section 4.8.1
partitions reinforced or earthquake forces because of their
braced, particularly those stiffness and mass, and are prone
surrounding exit stairs? to damage. They are particularly
dangerous around stairs and exit
ways and occupied classrooms.
Other Elements
Are exterior entrance Post-earthquake safety of these ASCE 31, Section 4.8.8
canopies and walkways structures is critical to ensure safe
engineered to ensure no exit after an event.
collapse?
Are parapets, appendages, Unreinforced masonry parapets are ASCE 31, Section 4.8.8
etc., securely attached especially vulnerable, as are items
and braced to the building such as cornices, signs, and large
structure? satellite communication dishes.
Are heavy lockers, library These can topple and injure ASCE 31, Section
shelves, and vertical filing occupants, and also block exit ways. 4.8.11
cabinets that could fall
on people braced to the
structure?
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Table 4-2: School seismic safety evaluation checklist

System

Identifier

Evaluation Question

Evaluation
YorNor

Guidance

Data References

comment

3 Structural System
Is there a continuous load This is an important characteristic to Engineer to check
path from the foundation ensure good seismic performance. design of school
to the roof? This also sometimes relates to structure
irregularity in configuration.
ASCE 31, Section 4.3.1.
Does the structure Typical characteristics of ASCE 31, Section
provide adequate redundancy include multiple lines of 4.4.1.1.1 and Section
redundancy in the event resistance and multiple bays within 44211
of the loss of some each line to distribute lateral forces.
structural supports?
Is all load-bearing Unreinforced masonry has limited Engineer to check
structural masonry ductility and cannot withstand large against local code
reinforced according to earthquake-induced repetitive requirements
code? displacements.
Is the structure’s The reinforced concrete codes Check date of design,
reinforced concrete changed in 1976, and structures and edition of code
designed to seismic code designed before these codes were used
later than 1976? adopted may be inadequate.
Is the structure’s wood Wood framing is subject to attack School district
frame well maintained, by termites and water damage, both personnel to inspect
with little or no of which can seriously weaken the
deterioration? structure.
Are horizontal structural Good connections between all Structural engineer to
members securely structural members are very check
connected to walls and important for structural integrity.
columns? ASCE 31, Section
4.6.1
Are horizontal Large diaphragm openings and Structural engineer to
diaphragms correctly the edges of diaphragms must check
designed and constructed be designed to ensure forces are )
with necessary chords properly transmitted to walls and ASCE 31, Section 4.5.1
and collectors? frames.
4 Building Envelope

Wall Cladding

Is the building cladding
attached to structural
frames so that it can
accommodate drift?

Frames are flexible and cladding
must be detailed to accommodate
calculated drifts and deformations.

ASCE 31, Section 4.8.4

Are heavy veneer facing
materials such as brick or
stone securely attached to
the structural walls?

Shear wall structures are very

stiff and carry large earthquake
forces; heavy attachments must be
securely attached.

Structural engineer to
check design and field
condition

Are heavy roofing
materials such as tile and
slate securely attached to
the structure?

Installation of these materials over
points of egress may be dangerous,
because they may fall off and hit
someone exiting the building and
may also litter the exit path with
debris.

IBC Table 1507.3.7
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Table 4-2: School seismic safety evaluation checklist

System

Identifier

Evaluation Question

Evaluation
YorNor
comment

Guidance

Data References

4 Building Envelope
Glazing
Are glazing and other Glazing must be installed with ASCE 31, Section 4.8.4
panels attached so that sufficient bite, and adequate space
they can accommodate between glass and metal.
drift?
Is the glazing material Glazing is dependent on the Structural engineer to
inserted into a surrounding structure to limit inspect framing and
surrounding structure that racking. structural conditions
limits drift and racking?

5 Utilities
Are building utility Flexible connections may be ASCE 31, Section
distribution systems well necessary where utilities enter the 4.8.13.
supported and adequately building.
braced?

6 Mechanical
Is heavy mechanical Spring-isolated equipment must be ASCE 31, Section
equipment adequately restrained from jumping off isolators. 4.8.12
secured and are isolators
provided with snubbers?
Is the heating piping Bracing and expansion joints Inspection by school
properly braced and increase the likelihood of continued district personnel and
provided with expansion post-event function. M/E/P consultants
joints?
Is ductwork properly Proper support and bracing Inspection by school
supported and braced? increase the likelihood of continued district personnel and

post-event function. M/E/P consultants

Are water heaters and Gas heaters or tanks with ASCE 31, Section
other tanks securely flammable or hazardous materials 4.8.12
braced? must be secured against toppling.

7 Plumbing
Are plumbing lines Protection of joints is especially ASCE 31, Section
adequately supported and important. 4.8.13
braced?
Is fire protection piping Correct installation and bracing Inspection by school
correctly installed and increase the likelihood of continued district personnel and
braced? post-event function. M/E/P consultants
Are ducts and piping that Differential movement between ASCE 31, Section
pass through seismic sections of the building can cause 4.8.13.2
joints minimized and breakage and leaks in pipes and
provided with flexible ducts if no provision is made for
connections? movement. If walls at joint are firewalls,

penetrations should be fireproofed.
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Table 4-2: School seismic safety evaluation checklist

System . . Evaluation
dentifi Evaluation Question YorNor Data References
entier comment
8 Electrical
Are suspended lighting Older suspended lighting fixtures have| ASCE 31, Section 4.8.3
fixtures securely attached, performed badly in earthquakes and
braced, or designed to are an injury hazard.
sway safely?
Are light fixtures Light fixtures within a grid often fall ASCE 31, Section 4.8.3
supported in a ceiling, when the grid is distorted, unless
braced, and provided with the fixtures are secured with safety
safety wires? wires.
Is heavy electrical Switch gear and transformers are ASCE 31, Section
equipment adequately heavy and failure can shut down the 4.8.12
secured? electrical system.
9 Fire Alarm
Is the fire alarm system This is also necessary to support Inspection by district
connected to a secondary daily operational needs, including maintenance personnel
power supply? lighting, heating, communications, and M/E/P consultants
etc., and if the building is used as a
post-earthquake shelter.
Is the fire alarm system Required by code even if the Inspection by district
provided with a battery building will not be used after an maintenance personnel
backup system capable of event so that the school can be and M/E/P consultants
operating the system for 24 evacuated.
hours after power loss?
10 Communications and IT Systems
Are communications Post-event communications are vital ASCE 31, Section
components adequately for issuing instructions to school ad- 4.8.12
braced and supported? ministrators, students, faculty, and staff.
Some components, such as large satel-
lite dish antennas, are easily damaged
if not properly supported.
Are building intercom Necessary to enable continued com- Inspection by
systems connected to munications, whether loss of power is maintenance personnel
a standby generator or caused by earthquake or not. and M/E/P consultants
battery?
11 Equipment Operations and Maintenance
12 Security Systems
13 Security Master Plan

4.5.3 Seismic Evaluation of Existing Buildings

For those buildings that, as the result of a preliminary screening, are candi-
dates for amore detailed investigation, the Building Seismic Safety Council
(BSSC) developed a procedure for the systematic evaluation of any type
of building (FEMA 178, The NEHRP Handbook for the Seismic Evaluation of
Existing Buildings (1992), later updated as FEMA 310, Handbook for Seismic
FEvaluation of Buildings: A Prestandard (1998). FEMA 310 was subsequently
superseded by ASCE 31 (2003), a standard of the American Society of
Civil Engineers approved by the American National Standards Institute.
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ASCE 31 can be used to evaluate the structural and nonstructural sys-
tems and components for any type or size of individual school building.
However, the procedure focuses on evaluating whether the building or
building components pose a potential earthquake-related risk to human
life. The procedure does not address code compliance, damage control,
or other aspects of seismic performance not related to life safety.

The ASCE 31 methodology involves answering two sets of questions: one
set addresses the characteristics of 15 common structural types and the
other set deals with structural elements, foundations, geologic site haz-
ards, and nonstructural components and systems. These questions are
designed to uncover the flaws and weaknesses of a building, and are in
the form of positive evaluation statements describing building charac-
teristics that are essential if the failures observed in past earthquakes are
to be avoided. The evaluating architect or engineer should address each
statement on the checklist and determine whether an item is compliant
or non-compliant. Compliant statements identify conditions that are ac-
ceptable and non-compliant statements identify conditions in need of
further investigation. The handbook also details a process for dealing
with statements on the checklist that are found to be non-compliant.

The evaluation requires some basic structural calculations and a site vis-
it. Follow-up field work is also necessary. The primary product of the
evaluation is the identification building vulnerabilities that could precip-
itate structural or component failure. Although the procedure provides
guidance on structural deficiencies, it is not intended to identify appro-
priate seismic retrofit options. The design engineer must understand the
overall deficiencies of the building before attempting to identify retrofit
design approaches. The overall deficiencies may be due to a combina-
tion of component deficiencies, inherent adverse design, construction
deficiencies, deterioration, or a serious weakness in the structural and
nonstructural systems.

4.6 Earthquake Risk Reduction Methods

Ithough the general principles of design are similar for new or

existing schools, differences in code requirements and overall

project delivery processes reflect the design freedoms for new
buildings and the constraints for existing ones.

Engineering of structural and nonstructural risk reduction methods is
similar for new and existing schools. New school design offers the pos-
sibility of construction on a site subject to less ground motion because
of better soil conditions or further proximity to a fault. New schools can
be designed with the most appropriate structural system, using known
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and tested materials and a good building configuration. These possibili-
ties are not available when retrofitting an existing school; the building
may have been designed to an obsolete seismic code or no code at all,
its materials may be questionable, and the building configuration and
structural system may be inappropriate. Therefore, the protection of an
existing school must start with a careful evaluation of its vulnerability.
Seismic retrofitting is expensive and time consuming; however, an in-
cremental retrofit procedure, as described in Section 4.6.2, can help to
keep time and cost within reasonable limits by integrating retrofits into
normal repairs and capital improvement projects.

4.6.1 Risk Reduction for New Schools

Methods of design for earthquake protection involve three main char-
acteristics of the school: its site, its structure, and its nonstructural
components.

In terms of risk reduction, the first priority is the implementation of mea-
sures that will reduce the risk of casualties to students, staff, and visitors.
The second priority is the reduction of damage that leads to downtime
and disruption. The third priority is the reduction of damage and repair
COsts.

Alternative measures to achieve these objectives are as follows, in ascend-
ing order of cost:
New Schools Regulated by Seismic Codes
Provide personal protection training.

Evaluate code provisions against risk priorities. Evaluate whether
design to current code will meet acceptable risk objectives for
damage costs and reduction of downtime.

Consider adopting California’s Field Act model for quality con-
trol of design and construction; it can be administered by a single
district with specification provisions for inspection in contract
documents.

Use performance-based design procedures if code-based design
does not meet acceptable risk objectives.

New Schools Not Regulated by Seismic Codes
Provide personal protection training.
Design to appropriate code standards on a voluntary basis.

Use performance-based design procedures to meet acceptable
risk objectives.
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Consider adoption of seismic code; requires community-wide
cooperation.

Damage reduction is common to all the objectives. The following sec-
tions give an overview of the design strategies that are used to achieve
acceptable levels of protection in new schools.

School Sites. Protection of schools and their occupants from earthquakes
depends on correct seismic design and construction to resist the estimat-
ed earthquake forces that the building could encounter at its specific site.
Because ground motion from a single earthquake may vary considerably,

depending on the nature of the soil and the dis-

In the late 1960s, the small school district tance of the building from known earthquake faults,
of Portola Valley, CA, was faced with careful site selection is a critical first step in reducing
declining enroliment for its intermediate the forces on the building. School sites are generally
school, which was also outdated. In ad- selected based on factors such as availability, stu-
dition, the school was located very close dent population, cost, convenience of access for the
to the San Andreas Fault. Concerned school students and staff, and general demograph-
about seismic risk, the district deemed ic concerns rather than seismicity. However, a large
the site unsuitable for school purposes district that is developing a multi-school plan of new
and sold the site to the city for $1. The city facilities should include recognition of any natural
subsequently used the site for recreational hazard vulnerabilities as a factor in the evaluation of
purposes. alternative sites. A school district can reduce its seis-

mic vulnerability in several ways:

Locate the building in an area of lower seismicity, where earthquakes
occur less frequently or with typically smaller intensities. Although it
would be very rare for a school district to make a site selection deci-
sion based solely on seismic risk, moving a school even a few miles in
some cases can make a big difference to its seismic hazard.

Locate the building on a soil type that reduces the hazard. Local soil
profiles can be highly variable, especially near water, on sloped sur-
faces, or close to faults. In an extreme case, siting on poor soils can
lead to damages caused by liquefaction, land sliding, or lateral spread-
ing of the soil. Similar buildings located less than 1 mile apart have
performed in dramatically different ways in earthquakes because of
differing soil conditions. Even when soil-related geologic hazards are
not present, earthquake motions that have to travel through softer
soils will be amplified more than those traveling through firm soils or
rock. If soil types at a site are a concern, the effects of soil hazard on
risk should be determined by a geotechnical or engineer. A profession-
al should assess the potential vulnerabilities associated with differing
site conditions. These vulnerabilities should be weighed against the
costs, both direct and indirect, of locating the facility on soils that will
result in better performance.
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Engineer the building site to increase building

performance and reduce vulnerability. If build- ~ The ELF equation in the IBC is V=C_ W,
ing relocation to an area of lower seismicity or ~~ Where V= the shear, or pushing, force at

to an area with a better natural soil profile is the base of the building, which represents
not a cost-effective option, the soil at the desig- the total earthquake force on the building,
nated site can sometimes be treated to reduce and C_ is a coefficient representing the esti-
the hazard. For example, on a liquefiable site, mated site acceleration (derived from maps

the soil can be grouted or otherwise treated to provided in the code) and modified by

reduce the likelihood of liquefaction. Soft soils factors related to the characteristics of the

can be excavated and replaced, or combined structure, the importance of the building,
with foreign materials to make them stiffer. and the nature of the soil. W is the weight

Alternatively, the building foundation itself of the building.
can be modified to account for the potential

effects of the soil, reducing the building’s sus-

ceptibility to damage even if liquefaction or limited land sliding
does occur. The school district should weigh the additional costs of
modifying the soil characteristics or the building foundation with
the expected reduction in damage and loss. However, because most
schools are one or two stories in height, site area usage is consider-
able, and site treatment is likely to be costly.

In most cases, a designated school site will be accepted. Proposed con-
struction directly over a fault is probably the only siting characteristic
that would lead to rejection of an otherwise suitable location. The forc-
es a school must be designed to withstand increase if it is near a fault,
which increases the structural cost. Sites are assigned to one of six cat-
egories, from A, which represents hard rock, to F, which represents soils
vulnerable to potential failure or collapse such as liquefiable soils, sensi-
tive clays, and weak soils and clays. Variations in soil type are addressed
in design by increasing or decreasing the design forces by application
of a coefficient within the calculation of the ELF equation, which is
used to establish the design lateral forces on the building.

Reducing Damage to School Structures. Minimum standards and crite-
ria for structural design are defined in the building codes. The codes
provide maps that show whether the location is subject to earthquakes
and, if so, the probability of occurrence, expressed by varying levels of
seismic forces for which a building must be designed. Seismic codes
are adopted by State or local authorities, so a seismically-prone region
could be exempt from seismic code regulations if the local community
has chosen not to adopt a seismic building code. Although a seismic
hazard exists, based on historic and scientific data, some communities
choose to ignore the risk, because no one has experienced an earth-
quake in their lifetime. Such a policy should be of serious concern to
school district officials, the local school board, and parents.
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How Buildings Resist Earthquakes

Lateral Force Resisting Systems —

E Basic Types
/N | This figure shows the basic types of lateral

shear walls moment frame  braced frame force resisting structural systems. They tend to
be mutually exclusive (i.e., it is desirable not to

'|' mix the systems in a single building because

4 - —b— of the different strength and stiffness charac-

teristics of the systems). Shear walls are very
stiff while moment-resistant frames are flexible.
Braced systems are in between.

The systems have major architectural implications. Shear walls, which should run uninterrupted from
foundation to roof, may impose major planning constraints on a building. Moment frames create
unobstructed floors, but, because of their special connection requirements, are expensive. They are
subject to more deformation that may result in costly damage to nonstructural components and sys-
tems. Braced frames are a common compromise.

Diaphragms

Together with the lateral force resisting
system, diaphragms form a horizontal
system that connects the vertical elements
and carries their loads down to the founda-
tion. Large openings in the diaphragm may
limit its ability to be effective in transferring
forces.

roof
floor
floor

the roof and floor
struclures fransfer
the lateral forces to
the columns and
shear walls

SOURCE: ARNOLD AND ALEXANDER, 2001
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Although the risk may appear to be minimal, the effects of a significant
event could be catastrophic. Communities with minimal risk may have
no history of design for earthquakes, leaving the building stock especial-
ly vulnerable. School buildings are an important community resource
(along with other essential buildings such as hospitals and fire and police
stations) that should not be gambled on the avoidance of a rare event.

Reducing structural and nonstructural damage in earthquakes depends on:

The correct application of code criteria and analytical methods.
Seismic codes have become increasingly complex and a high stan-
dard of care and engineering judgment is necessary to ensure correct
application.

The appropriate selection and application of structural systems and
materials. Different structural systems have varied characteristics
that must be matched to the nature and purpose of the school. The
following two graphics show the basic types of structural lateral force
resisting systems.

The correct design of critical elements such as frames, shear walls,
and diaphragms and their connections to one another: earthquake
forces expose the weak links between structural members. Serious
damage and collapse is often initiated by connection failure. These
critical elements provide seismic resistance and must be correctly
sized, located, and detailed.

Careful attention to key structural design principles such as provi-
sion of a direct load path and structural redundancy.

The correct design of the connections between structural elements
and nonstructural components.

A simple and regular building configuration (its size and shape) as
planning and aesthetic requirements permit. Experience has shown
that certain building shapes and architectural design elements contrib-
ute to poor seismic performance and are expensive to design and build.

A high level of quality assurance to ensure that the building is properly
constructed. Careful seismic design is pointless if not properly executed.

A high level of maintenance to ensure that the building retains its
integrity over time. Corrosion of steel and termite infestation or dry
rot in wood can seriously affect structural integrity.

The following graphics show some problems caused by irregular build-
ing configurations.
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Some Typical Design Problems

Torsional Forces

Balanced center of resistance
" center of o )
Resistance mass This figure shows how torsion occurs. If the
ol ‘;J< center of mass and center of resistance do
i3 not coincide, the building tends to rotate

Unbalanced Resistance around the center of resistance.

N
l/'\"\.

tarsion

center of mass

eccentricity
and resistance

) . ) Stress Concentrations
The most serious condition of vertical

irregularity is the soft or weak story, Stress concentration is the excessive concen-
in which one story, usually the first with tration of forces at one or a few points of the
laller, fewer columns, is significanily building, such as a particular set of beams,
wecke}: or moia ﬂgxlbh'—.‘ than columns, or walls. These few members may
the stories above. fail and, by a chain reaction, bring down the
O o T | o 1 I=1=1=2=1=] whole bU|Id|ng
' e e = | ] 1 [~ —H—N—F—]
LI i EEEEE
e ooooo
i b LG R 1 :\Hﬂl glyd o Lol
Flexible Disconlinuity Heavy
15t Floor Superstructure
Soft Stories
drift This figure shows the failure mechanism of
drift ',l k_ a soft or weak story. A regular building with
{ |F equal floor heights distributes its drift equally
to each floor so that each is subjected to
manageable drift. In the soft story building, the
overall drift is the same, but the second floor
i j I I I
comn R e - oo conngctlons a.re subjgct to all, or a. most all,
the drift, creating a failure mechanism.
overstress

SOURCE: ARNOLD AND ALEXANDER, 2001
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Torsional Forces and Stress Concentration

Soft Stories

Typical examples of soft story-induced damage.

[ EmEE=E EEE=oEm
R e

_i'—_

Re-entrant Corners

Buildings with re-entrant corners (L-shape,
U-shape, etc.) are subject to torsion and stress
concentrations. Special design measures are
necessary to counteract these tendencies.
Where buildings are structurally separated to

Lshaped remove stress concentrations at corners, ad-
building equate separation distance must be provided
torsion to prevent damages caused by pounding (e.qg.,

the buildings deflecting toward each other and

ground motion making contact.

SOURCE: ARNOLD AND ALEXANDER, 2001

ReducingDamagetoNonstructural Componentsand Systems. Nonstructural
components and systems are defined as those elements that do not con-
tribute to the seismic resistance of the building (see Figures 4-29a and
b). They typically comprise from 75 to 80 percent of the total school
building value, and they provide weather protection, heating, cooling,
lighting, and acoustic control for the structure. Damage to these compo-
nents can be costly and render the building functionally useless even if
the building structure performs in accordance with the intent of the seis-
mic code. Nonstructural components are generally broadly classified as:

Architectural

Exterior envelope — opaque or glazed, roof and wall coverings

Veneers
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Figure 4-29a:
Structural and
nonstructural elements
of a building

Interior partitions

Ceilings

Parapets and appendages (e.g., signs and decorative elements)
Canopies and marquees

Chimneys and stacks
Mechanical

Boilers and furnaces

HVAC source equipment and distribution components
Electrical and Electronic

Source power equipment and distribution components
Source communications equipmentand distribution components

Light fixtures
Plumbing

Storage vessels and tanks
Piping systems
Hazardous materials (HazMat) distribution

Furnishings and Interior Equipment

Bookcases, filing cabinets, and other storage
Shop and art equipment
HazMat storage

Building Structure
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Air Conditioning Unit

Roofing and Insulation

Nonstructural Components

Ducts

i

P _

Lighting S
Windows : H\:;t
s h e |

Partitions

Exterior Wall Panels 2 s e T o e e e T s

Ceiling

Furniture

__ =P \

Sprinkler Piping

Figure 4-29b: Structural and nonstructural elements of a building

Reduction of damage to nonstructural components depends on using
methods of support and bracing the components to avoid failure (see
examples in Figures 4-30, 4-31, 4-32, and 4-33). Seismic codes provide the
design force for which the nonstructural components must be designed,
together with a number of specific design requirements that must be

followed.

Safety Wires
Vertical Strut

Main Runner
Cross Runner

Figure 4-30: Suspended ceiling and light fixture bracing and support
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Figure 4-31:
Bracing tall shelving to
the structure

Horizontal Bracing to Structure

Figure 4-32: \
Connection of “:; ‘7;23}‘ 3“:{; vi"o}‘ :“:“,,E ‘;j
nonstructural masonry Q‘f"?j}i?ii;ff’; RS R
wall to structure to SO ERSETAC SLENET 4
permit independent L Metal Strap
movement —Open Cells

—— Reinforcing

A

Figure 4-33:
Bracing for existing 2,";;‘3;?

unreinforced masonry

parapet wall Driled — |

and
Grouted
Bolt

% Blocking
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4.6.2 Risk Reduction for Existing Schools

Procedures and Design Strategies. Additions to an existing school must
meet all of the code requirements for a new building. Currently, no
seismic codes apply to the retrofit of existing schools. Typically, the stan-
dards to be applied are derived from the code for new buildings and
negotiated with the applicable building department. Bringing an exist-
ing structure into full compliance with a current code is difficult and in
some cases impossible, so some compromises have to be made; however,
there is no general agreement on how to apply the code for new build-
ings to the retrofit design of existing ones.

Reducing the seismic risk for an existing building requires the same
general design principles as those necessary for a new building, but the
architect and engineer are faced with existing structural and nonstruc-
tural systems and materials that may be far from ideal.

The process should begin with an evaluation procedure such as those
outlined in Section 4.5. If the evaluation results in a decision to retrofit
an existing school, the school district can use ASCE 41 to select seis-
mic protection criteria. ASCE 41 supersedes FEMA 356, Prestandard and
Commentary for the Seismic Rehabilitation of Buildings (2000b), and FEMA
273, NEHRP Guidelines for the Seismic Rehabilitation of Buildings (1997b)
and FEMA 274, NEHRP Commentary on the Guidelines for the Seismic
Rehabilitation of Buildings (1997a), and provides the latest generation of
performance-based seismic rehabilitation methodology.

ASCE 41 provides methods and design criteria to achieve several differ-
entlevels and ranges of seismic performance (unlike a conventional code
that implies, but does not define, a single performance level). “Seismic
performance” refers to the nature and extent of damage that the build-
ing exhibits as a result of an earthquake. ASCE 41 provides a thorough
and systematic approach to performance-based seismic design to achieve
an acceptable level of risk based on stakeholders needs.

The performance-based design approach outlined in ASCE 41 provides
uniform protection criteria for the retrofit of existing buildings to attain
a wide range of performance levels for earthquakes of varying severities
and probabilities of occurrence. To start, school districts select specific
performance goals as a basis for design, and then evaluate the design re-
quirements, including complexity and cost, to meet those goals.
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Typical design strategies for improving the protection of an existing
school include (see Figure 4-34):

Modifying and improving local components or materials, such as
beam/column connections. This involves retrofitting connections
and strengthening structural members by reinforcing or replacing
them with new components.

Removing or reducing configuration irregularities. This involves
providing seismic separations in irregular configurations or adding
shear walls or bracing to reduce torsional effects, thereby strength-
ening and/or stiffening the entire structural system. This is a major
retrofit that involves adding bracing or shear walls, replacing many
structural members.

Reducing the mass of the building (to reduce forces). This involves
changing the location of heavy items (e.g., bookcases) within the
building, but would not apply to a one-story building, except where
a tile or slate roof covering might be replaced with a lightweight
material.

Retrofit Methods. Seismic (base) isolation (to reduce force on the build-
ing superstructure) is a technique that has been successfully used in
the retrofit of large buildings, but it is not generally appropriate to
the scale and nature of school buildings unless the school building is
considered a historical building. A newer technique is passive energy
dissipation, the insertion of supplemental energy devices (to reduce
movement), which might be applicable to certain types of school
structures (e.g., large gymnasiums, multiuse buildings, or auditori-
ums). Seismic retrofit at any large scale is expensive, both in design
and construction, because of the more complex analyses that must be
conducted and the construction constraints that must be overcome.
In addition, closure of a school for an extended period (beyond that
of the normal summer break) is usually unacceptable. Although rare,
some major seismic retrofit projects have been completed, primarily
with the goal of saving a building that is not only a place of learning,
but a historic community resource. The retrofitting of the B.F. Day
School in Seattle is one such project (see Figures 4-35 and 4-36).
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Strengthening Solution

7
%
/

Result

Increased
strength and drift
limitation

Increased
strength and drift
limitation

Containment and
drift limitation

Containment and
drift limitation

High seismic
capacity
conventional
damage control

High seismic
capacity
conventional
damage control

Figure 4-34:

Design strategies for
seismic retrofit of
existing buildings

SOURCE: BUILDINGS AT RISK:
SEISMIC DESIGN BASICS FOR
PRACTICING ARCHITECTS,
AIA/ACSA COUNCIL ON
ARCHITECTURAL RESEARCH,
WASHNIGTON, DC, 1994, ERIC
ELSESSER
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Figure 4-35:

Retrofit of B.F.
Day Elementary
School, Seattle,
WA

SOURCE:
EARTHQUAKE
ENGINEERING
RESEARCH
INSTITUTE,
OAKLAND, CA; B.F.
DAY ELEMENTARY
SCHOOL , SEATTLE,
TODD W. PERBIX
AND LINDA L.
NOSON, 1996

Figure 4-36:
Sections

and plans of
the B.F. Day
School: existing
at bottom,
retrofitted at
top. Note that
the retrofit has
also opened up
the basement
and first floor
to provide large
spaces suitable
for today’s
educational
needs.

SOURCE:
EARTHQUAKE
ENGINEERING
RESEARCH
INSTITUTE,
OAKLAND, CA; B.F.
DAY ELEMENTARY
SCHOOL , SEATTLE,
TODD W. PERBIX
AND LINDA L.
NOSON, 1996

/N

Multipurpose

Rehabilitated

|
M -
Existing
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Incremental Seismic Rehabilitation. An approach that greatly improves the
feasibility of retrofitting a school is “Incremental Seismic Rehabilitation.”
The principles of this process are described below. A full description
is presented in FEMA 395, Incremental Seismic Rehabilitation of School
Buildings (K-12) (2003c).

Whereas extensive single-stage seismic retrofitting of an existing school
represents a significant cost, retrofit tasks can be divided into increments
and integrated into normal repairs and capital improvement projects.
Implementation of incremental seismic retrofit involves assessing the
buildings, establishing retrofit priorities, and planning integration with
other projects. Integration reduces the cost of the seismic work by shar-
ing engineering design costs and some aspects of construction costs. An
“integration opportunity” occurs when a seismic retrofit measure can be
paired with other repair or replacement tasks or categories. Integration
opportunities are a key consideration in determining the sequence of
retrofit tasks.

School districts often categorize maintenance and capital improvement
projects in the following eight categories:

Reroofing

Exterior wall and window replacement

Fire and life safety improvements

Modernization/remodeling/new technology accommodation

Under floor and basement maintenance and repair

Energy conservation/weatherizing/air-conditioning

Hazardous materials abatement

Accessibility improvements
FEMA 395 provides five matrices that show possible combinations of
seismic improvement measures with typical work categories. Table 4-3

represents a typical matrix from FEMA 395 and shows possible seismic
improvements relating to roof maintenance and repair.
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Table 4-3: Roofing maintenance and repair/re-roofing

Lgvel_ °.f Wood | Masonry' | Concrete Steel
Seismicity
£ £
[=2] (=2
= S S
8§ |g | 8| €l 8| E
Building gz|ge| 5 |88 & |8F
Structural | Structural Seismic Performance T2|EQ| B |25 B |gs
cS| 8| & (e8| & |68
GEUGM L | M | H | Element Subsystem Improvement S=|x=| = |oa| = |68
Nonstructural
Bracing of Parapets,
1 vV |V |V |na n/a Gables, Ornamentation, | [ | | | |
and Appendages
° vivlivna n/a AnchgrageofCanoples n n m n n n m
at Exits
3 v v |na n/a Bracing or Removal of n n m - - - n
Chimneys
Anchorage and Detailing
10 v | v | na n/a of Rooftop Equipment | H EH E BEH BN N
Structural
All
n/a vV |V Elements Load Path and Collectors | [ ] a | | | |
Horizontal Attachment and
n/a vV | v Diaphragms | Strengthening at | H EH B | O m | QO
Elements )
Boundaries
Horizontal . .
n/a vV | v Elements Diaphragms Strength/Stiffness | | | | [ | | [ | a
Horizontal . Strengthening at
n/a v\ v Elements Diaphragms Openings - - d = -
Horizontal . Strengthening at
e viv Elements RISEUEE Re-entrant Corners 4 4 o J a 4 4
Horizontal . Topping Slab for Precast
e viv Elements RISEUEE Concrete 4 o a 4
Vertical Lateral Resisting System
na | v | v |V Elements S to Diaphragm Connection u u "o | mO
Vertical Out-of-Plane Anchorage
na |v |V |V of Concrete or Masonry [ | ] [ | a [ | |
Elements Wall

* Nonstructural improvements are ranked on the basis of engineering judgment of their relative impact on improving life safety in
schools.

Structural improvements are not ranked, but are organized by structural element and subsystem.
B Work that may be included in the building rehabilitation/maintenance/repair project using little or no engineering.
(1 Work requiring detailed engineering design to be included in the project.

O Work requiring detailed engineering design and evaluation of sequencing requirements. Work could redistribute loads,
overstressing some elements.

Note 1: Masonry buildings with a concrete roof deck should use the concrete building, concrete diaphragm for integration
opportunities.

n/a = Not Applicable.
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Incremental seismic retrofit is an effective, affordable, and non-disrup-
tive strategy to mitigate seismic risk. At the lower levels of protection,
some effective construction measures (e.g., bracing nonstructural book-
cases and filing cabinets, and anchoring key desktop equipment such as
computers) can be implemented by school district maintenance person-
nel. As a last resort in cases of extreme risk and badly antiquated school
buildings, demolition is the only solution.

4.7 The School as a Post-Earthquake Shelter

n the aftermath of any damaging earthquake, there is an immedi-

ate need of shelter for people who have been displaced from their

homes. In earthquake-prone regions, school sites are often used
to provide immediate shelter (on the day or night of the earthquake).
Schools are conveniently located in every community, with easy and
known access to the local population that they serve. They also have
suitable spaces (e.g., gymnasiums or multiuse rooms) in which large
numbers of people can be accommodated for a few days. Food service
is often available, as is ample space for assembly, processing, and deliv-
ery of goods and equipment. Because schools are public property, the
costs using the facilities for a few weeks are minimal. Also, particularly
in California, where schools are subject to the Field Act, schools are well
constructed and among the most likely of all the community’s buildings
to survive intact and in a usable condition.

No specific design decisions are necessary for this use, nor is it necessary
to stockpile emergency supplies. The exact circumstances of the event
and the number and types of people to be accommodated will determine
the supplies that are necessary. Experience has shown thatlocal and even
regional manufacturers and suppliers are very effective in providing ser-
vices after an event. Following the 1983 Coalinga earthquake, temporary
shelter was provided in the high school gymnasium. A regional beer can-
ning plant substituted drinking water for beer for a few shifts and rapidly
delivered the chilled cans to the site.

The school district and the local emergency services agency should
plan for an earthquake event. This includes determining what spaces
will be available and how many people can be accommodated, signing a
pre-contract with a local engineer or architect for immediate post-earth-
quake inspection to determine safety, examining strategies for continued
operation in the event some spaces are occupied by refugees, and deter-
mining a means for providing food and sanitary supplies.

Possible use of school buildings as a safe haven for the community in the
event of chemical, biological, radiological, or explosive attack involves
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complex design and construction issues. This use of school property
is discussed in FEMA 428, Primer to Design Safe School Projects in Case of
Terrorist Attacks, Chapter 6 (2003b), and FEMA 453, Design Guidance for
Shelters and Safe Rooms (2006).
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4.9 Glossary of Earthquake Terms

Acceleration. Rate of change of velocity with time.

Amplification. A relative increase in ground motion between one type
of soil and another or an increase in building response as a result of
resonance.

Amplitude. Maximum deviation from mean of the center line of a wave.

Architectural Components. Components such as exterior cladding, ceil-
ings, partitions, and finishes.

Building. Any structure that could be used for the shelter of human
occupants.

Component (also Element). Part of an architectural, structural, electrical,
or mechanical system.

Configuration. The size, shape, and geometrical proportions of a building.

Connection. A means by which different materials or components are
joined to each other.

Damage. Any physical destruction caused by earthquakes.

Deflection. The state of being turned aside from a straight line, generally
used in the horizontal sense; see also “Drift.”

Design Earthquake. In the International Building Code (IBC), the earth-
quake that produces ground motions at a site that are two/thirds those
of the “Maximum Considered Earthquake.”
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Design Ground Motion. See “Design Earthquake.”

Diaphragm. A horizontal or nearly horizontal structural element de-
signed to transmit lateral forces to the vertical elements of the seismic
force resisting system.

Drift. Vertical deflection of a building or structure caused by lateral forc-
es; see also “Story Drift.”

Ductility. Property of some materials, such as steel, to distort when sub-
jected to forces while still retaining considerable strength.

Earthquake. A sudden motion or vibration in the earth caused by the
abrupt release of energy in the earth’s lithosphere.

Effective Peak Acceleration and Effective Peak Velocity Related Accelera-
tion. Coefficients shown on maps in the IBC for determining prescribed
seismic forces.

Elastic. Capable of recovering size and shape after deformation.

Epicenter. A point on the earth’s surface that is directly above the focus
of an earthquake.

Exceedance Probability. The probability that a specified level of ground
motion or specified social or economic consequences of earthquakes will
be exceeded at a site or in a region during a specified exposure time.

Exposure. The potential economic loss to all or certain subsets of the
built environment as a result of one or more earthquakes in an area; this
term usually refers to the insured value of structures carried by one or
more insurers.

Fault. A fracture in the earth’s crust accompanied by displacement of
one side of the fracture with respect to the other in a direction parallel
to the fracture.

Focus. The location of a fault break where an earthquake originates; also
termed “Hypocenter.”

Force. Agency or influence that tries to deform an object or overcome its
resistance to motion.

Frame, Braced. Diagonal members connecting components of a struc-
tural frame to resist lateral forces.
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Frame, Space. A structural system composed of interconnected members,
other than bearing walls, that is capable of supporting vertical loads and
that also may provide resistance to seismic forces.

Frame System, Building. A structural system with an essentially complete
space frame providing support for vertical loads; seismic forces are re-
sisted by shear walls or braced frames.

Frame System, Moment. A frame in which members and joints are ca-
pable of resisting lateral forces by flexure as well as along the axis of
the members; varying levels of resistance are provided by ordinary, inter-
mediate, and special moment frames as defined in the IBC with special
frames providing the most resistance.

“g”. The acceleration due to gravity or 32 feet per second.

Ground Failure. Physical changes to the ground surface produced by an
earthquake, such as lateral spreading, landslides, or liquefaction.

Hypocenter. See “Focus.”

Intensity. The apparent effect that an earthquake produces at a given
location; in the United States, intensity generally is measured by the
modified Mercalli intensity scale.

Irregular. Deviation of a building configuration from a simple symmetri-
cal shape.

Joint. Location of connections between structural or nonstructural mem-
bers and components.

Liquefaction. The conversion of a solid into a liquid by heat, pressure, or
violent motion; sometimes occurs to the ground in earthquakes.

Loss. Any adverse economic or social consequences caused by
earthquakes.

Mass. A constant quantity or aggregate of matter; the inertia or sluggish-
ness that an object, when frictionlessly mounted, exhibits in response to
any effort made to start it or stop it or to change in any way its state of
motion.

Maximum Considered Earthquake Ground Motion. The most severe
earthquake effects considered in the IBC. These are represented by
the mapped spectral response accelerations at short and long periods,
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obtained from maps in the IBC, adjusted for Site Class effects using site
coefficients.

Mercalli Scale (or Index). A measure of earthquake intensity named after
Giuseppe Mercalli, an Italian priest and geologist.

Nonbuilding Structure. A structure, other than a building, designed and
constructed in a manner similar to buildings and having a basic lateral

and vertical seismic-force-resisting system conforming to a type included
in Chapter 14 of the IBC.

Occupancy Importance Factor. A factor, between 1.0-1.5, assigned to each
structure according to its Seismic Occupancy Category.

Partition. See “Wall, Nonbearing.”

Period. The elapsed time (generally in seconds) of a single cycle of a
vibratory motion or oscillation; the inverse of frequency.

P-Wave. The primary or fastest waves traveling away from a fault rupture
through the earth’s crust and consisting of a series of compressions and
dilations of the ground material.

Quality Assurance Plan. A detailed written procedure that establishes the
systems and components subject to special inspection and testing.

Recurrence Interval. See “Return Period.”

Resonance. The amplification of a vibratory motion occurring when the
period of an impulse or periodic stimulus coincides with the period of
the oscillating body.

Return Period. The time period in years in which the probability is 63
percent that an earthquake of a certain magnitude will recur.

Richter Magnitude (or Scale). A logarithmic scale expressing the magni-
tude of a seismic (earthquake) disturbance in terms of the maximum
amplitude of the seismic waves at a standard distance from their focus;
named after its creator, the American seismologist Charles R. Richter.

Rigidity. Relative stiffness of a structure or element; in numerical terms,
equal to the reciprocal of displacement caused by unit force.

Seismic. Of, subject to, or caused by an earthquake or an earth vibration.
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Seismic Event. The abrupt release of energy in the earth’s lithosphere
causing an earth vibration; an earthquake.

Seismic Force Resisting System. The part of the structural system that is
designed to provide required resistance to prescribed seismic forces.

Seismic Forces. The actual forces created by earthquake motion; as-
sumed forces prescribed in the IBC that are used in the seismic design of
a building and its components.

Seismic Hazard. Any physical phenomenon such as ground shaking or
ground failure associated with an earthquake that may produce adverse
effects on the built environment and human activities; also the prob-
ability of earthquakes of defined magnitude or intensity affecting a given
location.

Seismic Occupancy Category. A classification assigned to a structure based
on its occupancy and use as defined in the IBC.

Seismic Risk. The probability that the social or economic consequences
of an earthquake will equal or exceed specified values at a site during a
specified exposure time; in general, seismic risk is vulnerability multi-
plied by the seismic hazard.

Seismic Waves. See “Waves, Seismic.”
Seismic Zone. Generally, areas defined on a map within which seismic
design requirements are constant; in the IBC, seismic zones are defined

both by contour lines and county boundaries.

Shear. A force that acts by attempting to cause the fibers or planes of an
object to slide over one another.

Shear Wall. See “Wall, Shear.”

Speed. Rate of change of distance traveled with time irrespective of
direction.

Stiffness. Resistance to deflection or drift of a structural component or
system.

Story Drift. Vertical deflection of a single story of a building caused by
lateral forces.

Strain. Deformation of a material per unit of the original dimension.
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Strength. The capability of a material or structural member to resist or
withstand applied forces.

Stress. Applied load per unit area or internal resistance within a material
that opposes a force’s attempts to deform it.

S-Wave. Shear or secondary wave produced essentially by the shearing or
tearing motions of earthquakes at right angles to the direction of wave
propagation.

System. An assembly of components or elements, such as a structural
system, designed to perform a specific function.

Torsion. The twisting of a structural member about its longitudinal axis.

Velocity. Rate of change of distance traveled with time in a given direc-
tion; in earthquakes, it usually refers to seismic waves and is expressed in
inches or centimeters per second.

Vulnerability. The degree of loss to a given element at risk, or set of such
elements, resulting from an earthquake of a given intensity or magnitude;
expressed in a scale ranging from no damage to total loss; a measure of
the probability of damage to a structure or a number of structures.

Wall, Bearing. An interior or exterior wall providing support for vertical
loads.

Wall, Nonbearing. An interior or exterior wall that does not provide sup-
port for vertical loads other than its own weight as permitted by the
building code; see also “Partition.”

Wall, Shear. A wall, bearing or nonbearing, designed to resist lateral forc-
es parallel to the plane of the wall.

Wall System, Bearing. A structural system with bearing walls providing
support for all or major portions of the vertical loads; seismic resistance
may be provided by shear walls or braced frames.

Waves, Seismic. Vibrations in the form of waves created in the earth by
an earthquake.

Weight. Name given to the mutual gravitational force between the earth
and an object under consideration; varies depending on location of the
object at the surface of the earth.
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Making Schools Safe
From Flooding

5.1 General Design Considerations

his chapter introduces the physical nature and mechanics of floods

and explains how flood probabilities are determined and how

flood hazard areas are identified. It describes the types of flood
damage that can result when schools are located in flood hazard areas
and are affected by flooding. A series of requirements and best practic-
es are introduced that school districts, facility planners, and designers
should consider for reducing the risks from flooding to new schools and
to existing school campuses that are located in floodprone areas.

This chapter demonstrates why avoidance of flood hazard areas is the
most effective way to minimize the life-safety risk to students, staff, and
the citizens who rely on these facilities, as well as to minimize the po-
tential for damage to buildings and other elements of schools and
campuses. When an existing school building is exposed to flooding, or
a new school building is proposed to be located in a flood hazard area,
steps should be taken to minimize the risks. A well-planned, designed,
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When new schools are being planned and
constructed, and a site with a flood hazard
must be used, it is important that:

the school be placed on the portion of
the site that is least vulnerable to the
identified flood hazard

the highest level of care be used for the
design and construction of the school
(i.e., the most stringent application of
ASCE7, ASCE 24, and the local flood-
plain ordinance)

constructed, and maintained school should be able
to withstand damage and remain functional after a
flooding event, even one of low probability. ASCE
24, Flood Resistant Design and Construction, provides
“minimum requirements for flood-resistant design
and construction of structures” (2005). Design pro-
fessionals should be familiar with this standard and
exercise an appropriate level of care in any con-
struction of school buildings in flood hazard areas.

5.1.1 The Nature of Flooding

Flooding is the most common natural hazard in

the United States, affecting more than 21,000 local

jurisdictions and representing more than 70 per-
cent of Presidential disaster declarations. Several studies have estimated
that 7 to 10 percent of the Nation’s land area is subject to flooding.
Some communities have very little flood risk; others lie entirely within
the floodplain.

Flooding is a natural process that may occur in a variety of forms: long-
duration flooding along rivers that drain large watersheds; flash floods
that send a devastating wall of water down a mountain canyon; and coast-
al flooding that accompanies high tides and onshore winds, hurricanes,
and nor’easters. When this natural process does not affect human activ-
ity, flooding is not a problem. In fact, many species of plants and animals
that live adjacent to bodies of water are adapted to a regimen of periodic
flooding.

Flooding is only a problem when human development is located in areas
prone to flooding. Such development exposes people to potentially life-
threatening situations and makes property vulnerable to serious damage
or destruction. It also can disrupt the natural surface flow, redirecting
water onto lands not normally subject to flooding.

Flooding along waterways normally occurs as a result of excessive rain-
fall or snowmelt that exceeds the capacity of channels. Flooding along
shorelines is usually a result of coastal storms that generate storm surges
or waves above normal tidal fluctuations. Factors that can affect the fre-
quency and severity of flooding and the resulting damage include:

Channel obstructions caused by fallen trees, accumulated debris,
and ice jams

Channel obstructions caused by road and rail crossings where the
bridge or culvert openings are insufficient to convey floodwaters
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Erosion of shorelines and stream banks, often
with episodic collapse of large areas of land

Deposition of sediment that settles out of flood-
waters or is carried inland by wave action

Increased upland development of impervious
surfaces and manmade drainage improve-
ments that increase rainfall-runoft volumes

Land subsidence, which increases flood depths

Failure of dams (resulting from seismic activ-
ity, lack of maintenance, flows that exceed the
design, or destructive acts), which may sudden-
ly and unexpectedly release large volumes of
water

Failure of levees (associated with flows that ex-
ceed the design, weakening by seismic activity,
lack of maintenance, or destructive acts), which
may result in sudden flooding of areas behind
levees

Failure of seawalls, revetments, bulkheads, or
similar coastal structures, which can lead to
rapid erosion and increased flooding and wave
damage during storms

Each type of flooding has characteristics that rep-
resent important aspects of the hazard. These
characteristics should be considered in the se-
lection of school sites, the design of new school
buildings and athletic facilities, and the expansion
or rehabilitation of existing floodprone schools.

Riverine flooding results from the accumulation
of runoff from rainfall or snowmelt, such that the
volume of water exceeds the capacity of waterway
channels and spreads out over the adjacent land.
Riverine flooding flows downstream under the force
of gravity. Its depth, duration, and velocity are func-
tions of many factors, including watershed size and
slope, degree of upstream development, soil types
and nature of vegetation, topography, and charac-
teristics of storms (or depth of snowpack and rate
of melting). Figure 5-1 illustrates a cross-section of a
generic riverine floodplain.

Four Examples of Schools Vulnerable to
Flood Hazards

1. Two schools in Gurnee, IL, were damaged

by floods in 1986. The school district’s
actual costs were over $1.6 million to repair
and replace the facilities, supplies, and
materials. Not included in this figure are
the costs for transportation and rental, and
disruption of the school year for children
who, for several months, attended school
in a vacant department store 4 miles away.
For an additional 2 years of renovation

and reconstruction, the children attended
school in another community 8 miles away.
One school was later rebuilt as a flood-
protected facility for a cost of $17 million,
all of which was paid by local taxpayers.

. In April 2003, a dry floodproofed private

school in Jackson, MS, was soaked when
a sudden downpour dumped 9 inches

of rain on the area. Because the event
occurred in the pre-dawn hours when no
one was on site to install the floodproof-
ing measures (e.g., water-tight doors and
special seals), water entered the building,
causing damage to carpets, walls, furni-
ture, and equipment.

.In 1989, Hurricane Hugo vividly revealed

the importance of knowing whether
schools are prone to flooding. The local
emergency manager’s records identified
the McClellanville, SC, school as an ap-
proved hurricane shelter. Unfortunately,
that designation was based on the er-
roneous information about the elevation
of the building. When storm surge flooding
inundated the school, people had to break
through the ceiling and lift everyone up to
the attic.

. Flooding in the spring of 2001 tested flood

protection for the Oak Grove Lutheran
High School in Fargo, ND (see Figure
5-29). Prompted by the failure of temporary
earth and sandbag dikes during the 1997
Red River flood of record, which resulted in
over $3.5 million in damage to the school,
the city designed and constructed a brick-
faced permanent floodwall. Five access
points, wide enough for vehicles, were pro-
tected with an “invisible” closure that is an
integral part of the floodwall. A crew of six
installed the closures in less than 2 hours.
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Figure 5-1:
The riverine floodplain
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Coastal flooding is experienced along the Atlantic, Gulf, and Pacific
coasts, and the Great Lakes. Coastal flooding is influenced by storm
surges associated with tropical cyclonic weather systems (hurricanes,
tropical storms, tropical depressions, typhoons), extratropical systems
(nor’easters and other large low-pressure systems), seiches and tsunamis
(surges induced by seismic activity). Coastal flooding is characterized by
wind-driven waves that also may affect areas along the Great Lakes shore-
lines; winds blowing across the broad expanses of water generate waves
that can rival those experienced along ocean shorelines. Some Great
Lakes shorelines experience coastal erosion, in part because the erosion
is associated with fluctuations in water levels. Figure 5-2 is a schematic of
a generic coastal floodplain.

5.1.2 Probability of Occurrence or Frequency

The probability of occurrence, or frequency, is a statement of the likeli-
hood that an event of a certain magnitude will occur in a given period
of time. For many decades, floodplain management has been based on
the flood that has a 1-percent chance of occurring in any given year,
commonly called the “100-year flood.” For certain critical actions, such
as planning or constructing schools and evacuation shelters, the basis of
risk decisions should be the flood that has a 0.2-percent probability of
occurring in any given year, commonly called the “500-year flood.” In
most locations, the benefits of added protection to the 500-year level are
greater than the added costs.
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Figure 5-2: The floodplain along an open coast

The term “100-year flood” is often misunderstood because it conveys the
impression that a flood of that magnitude will occur only once every 100
years. Actually, the 1-percent-annual-chance flood has one chance in 100
of occurring in any given year. The fact that a 1-percent-annual-chance
flood is experienced at a specific location does not alter the probability
that a flood of the same or greater magnitude could occur at the same
location in the next year, or even multiple times in a single year. As the
length of time considered increases, so does the probability that a flood
of a specific magnitude or greater will occur. For example, Figure 5-3 illus-
trates that the probability a 100-year flood will occur is 26 percent during
a 30-year period. And during a 70-year period (the potential useful life of
many buildings), the probability increases to 50 percent. Similarly, a 500-
year flood has a 0.2-percent probability of being equaled or exceeded in
any given year, a 6-percent probability of occurrence during a 30-year pe-
riod, and an 18-percent probability of occurrence during a 70-year period.

The assigned frequency of a flood (e.g., 100-year) is independent of
the number of years between actual occurrences. Hurricane Camille
hit the Mississippi coast in 1969 with storm surge flooding that far
exceeded previous events, and Hurricane Katrina affected much the

DESIGN GUIDE FOR IMPROVING SCHOOL SAFETY IN EARTHQUAKES, FLOODS, AND HIGH WINDS

5-5



MAKING SCHOOLS SAFE FROM FLOODING

Figure 5-3:
Probability and
magnitude

SOURCE: U.S. GEOLOGICAL
SURVEY, GUIDELINES FOR
DETERMINING FLOOD FLOW
FREQUENCY, BULLETIN 17B
(APPENDIX D).

same area in 2005. Although just 36 years apart, both storms produced
flood levels that were significantly higher than the predicted 100-year

flood.

Similarly, the Mississippi River flooded large areas in Missouri in

1993 with flooding that exceeded the predicted 100-year flood levels.
Just 2 years later, many of the same areas were flooded again.
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Regardless of the flood selected for design purposes (the “design

flood”

), the designer must determine specific characteristics associat-

ed with that flood. Determining a flood with a specific probability of
occurrence is done in a multi-step process that typically involves us-
ing computer models available in the public domain. If a sufficiently
long record of flood information exists, the design flood may be de-

termined by applying statistical tools to the data.
Alternatively, water resource engineers sometimes

The term “100-year flood” is often misunder- apply computer models to simulate different rain-
stood because it conveys the impression fall events over watersheds to predict how much
that a flood of that magnitude will occur only ~ water will run off and accumulate in channels.
once every 100 years. Actually, it has one Other computer models are used to characterize

chance in 100 of occurring in any given year.  the flow of water down the watershed and predict

how high the floodwaters will rise.
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Flood frequency analyses are performed using historical records, and
the results are influenced by the length of the record. Such analyses
do not account for recent changes to the land (upland development or
subsidence) or future changes (additional development, greater sub-
sidence, or climatic variations).

For coastal areas, both historical storms and simulated storm surge
models can be used to predict the probability that floodwaters will
rise to a certain level and be accompanied by waves of certain heights.
Many coastal storms will produce storm surge flooding that, depend-
ing on local topography, may extend inland significantly farther than
anticipated for a 1-percent-annual-chance flood. Other factors that
influence the severity of hurricane storm surges include the forward
speed of the storm, when during the tide cycle the storm comes on-
shore, and the near-shore bathymetry. Statistically, extreme storm
surges occur less frequently than the 1-percent- or 0.2-percent-annual-
chance floods, but their consequences can be catastrophic.

School facility planners and designers should research the relationship
between flood levels for different frequency events, including extreme
events, especially in hurricane-prone communities. The difference in
flood levels may be extreme in some situations, depending on local con-
ditions and the source of flooding. In other areas flood levels of lower
probability floods might not be much higher than a 1-percent-annual-
chance flood.

The National Flood Insurance Program (NFIP) is a Federal program that
encourages communities to regulate flood hazard areas and, in return,
offers property owners insurance protection against losses from flooding
(see Sections 5.1.6.1 and 5.1.6.2). The NFIP uses the 1-percent-annual-
chance flood as the basis for flood hazard maps, for setting insurance
rates, and for application of regulations in order to minimize future
flood damage.

The commentary of ASCE 24 provides additional information on ad-
dressing flood risk through the use of flood events other than the
1-precent-annual-chance flood, including local
“flood of record” events. Nearly every year, a very
low probability flood occurs somewhere in the
United States, often with catastrophic consequenc-
es. Therefore, use of a lower probability flood (at
least the 0.2-percent-annual-chance, or 500-year)
for design purposes is strongly recommended
(and may be required by some States and local
jurisdictions).

ASCE 24 sets forth that a higher level of
protection is required for critical facilities,
essential facilities, and schools. This
higher level of protection considers ad-
ditional freeboard and designing for a
lower probability flood event (e.g., the
0.2-precent-annual-chance flood).”
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As noted in Section 5.1.6.3, the 500-year level of protection is required
if Federal funds are involved in constructing critical facilities that are
vital for emergency response and rapid recovery. This reinforces the
importance of protecting both the functionality and financial invest-
ment in a school by applying stricter standards than those required for
other buildings. Students and the community experience significant
and long-term impacts if a damaged school is closed for an extended
period of time.

5.1.3 Flood Characteristics and Loads

A number of factors associated with riverine and coastal flooding are
important in the selection of sites for schools, in site design, and in the
determination of flood loads required as part of architectural and engi-
neering design.

Depth: The most apparent characteristic of any flood is the depth of the
water. Depending on many factors, such as the shape of a river valley or
the presence of obstructing bridges, riverine flooding may rise just a few
feet or tens of feet above normal levels. The depth of coastal flooding is
influenced by such factors as the tidal cycle, the duration of the storm,
the elevation of the land, offshore bathymetry, and the presence of waves.
Depth is a critical factor in building design because the hydrostatic forc-
es on a vertical surface (such as a foundation wall) are directly related
to depth, and because costs associated with protecting buildings from
flooding increase with depth. Under certain conditions, hurricanes can
produce storm surge flooding that is 20 to 30 feet above mean sea level
or, in extreme cases along the Gulf Coast, 35 feet or higher above mean
sea level.

Duration: Duration is the measure of how long the water remains above
normal levels. The duration of riverine flooding is primarily a function
of watershed size and the longitudinal slope of the valley (which influ-
ences how fast water drains away). Small watersheds are more likely to be
“flashy,” a characteristic that refers to the rapidity with which floodwaters
rise and fall. Areas adjacent to large rivers may be flooded for weeks or
months. Most coastal flooding is influenced by the normal tidal cycle, as
well as how fast coastal storms move through the region. Areas subject to
coastal flooding can experience long periods of flooding where drainage
is poor or slow as a result of topography or the presence of flood control
structures. For example, water may be trapped in depressions in the land
or behind a floodwall or levee with inadequate drainage. More common-
ly, coastal flooding is of shorter duration, on the order of 12 to 24 hours,
especially if storms move rapidly. Flooding of large lakes, including those
behind dams, can be of very long duration because the large volume of
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water takes longer to drain. For building design, duration is important
because it affects access, building usability, and saturation and stability of
soils and building materials. Information about flood duration is some-
times available as part of a flood study or can be developed by a qualified
engineer.

Local drainage problems create ponding and local flooding that is of-
ten not directly associated with a body of water such as a creek or river.
Although such flooding is relatively shallow and not characterized by
high velocity flows, considerable damage may result. Areas with poor
drainage frequently experience repetitive damage. Some local drain-
age problems are exacerbated by old or undersized drainage system
infrastructure. Flooding caused by drainage problems typically occurs
as sheetflow or along waterways with small drainage areas. This type of
flooding is generally not mapped or regulated.

Velocity: The velocity of floodwaters ranges from extremely high (asso-
ciated with flash floods or storm surge) to very low or nearly stagnant
(in backwater areas and expansive floodplains). Velocity is important in
site planning because of the potential for erosion. In structural design,
velocity is a factor in determining the hydrodynamic loads and impact
loads. Even shallow, high-velocity water can threaten the lives of pedestri-
ans and motorists. Accurate estimates of velocities are difficult to make,
although information about mean velocities may be found in some
floodplain studies.

Wave action: Waves contribute to erosion and scour, and also contribute
significantly to design loads on buildings. The magnitude of wave forces
can be 10 to more than 100 times greater than wind and other design
loads, and thus may control many design parameters. The magnitude of
wave forces can be 10 to more than 100 times greater than wind and other
design loads, and thus may control many design parameters. Waves must
be accounted for in site planning along coastal shorelines, in flood hazard
areas that are inland of open coasts, and other areas where waves occur,
including areas with sufficient fetch that winds can generate waves (such
as lakes and expansive riverine floodplains). Waves on top of storm surges
may be as much as 50 percent higher than the stillwater depth (flood
depth without waves) of the surge.

Impacts from debris and ice: Floating debris and ice contribute to the
loads that must be accounted for in structural design. The methods and
models used to predict and delineate flood hazard areas do not specifi-
cally incorporate the effects of debris. Thus, there are few sources to
determine the potential effects of debris impact loads, other than past
observations and judgment.
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Erosion and scour: In coastal areas, erosion refers to the lowering of the
ground surface as a result of a flood event, or the gradual recession of a
shoreline as a result of long-term coastal processes. Along riverine water-
ways, erosion refers to undermining of channel banks, lateral movement
of the channel, or cutting of new channels. Scour refers to a localized
lowering of the ground surface due to the interaction of currents and/or
waves with structural elements, such as pilings. Soil characteristics influ-
ence an area’s susceptibility to scour. Erosion and scour may affect the
stability of foundations and earthen-filled areas, and may cause extensive
site damage.

5.1.3.1 Hydrostatic Loads

Hydrostatic loads occur when water comes into contact with a building
or building component, both above and below the ground level. They
act as lateral pressure or vertical pressure (buoyancy). Hydrostatic loads
on inclined or irregular surfaces may be resolved into lateral and vertical
loads based on the surface geometry and the distribution of hydrostatic
pressure.

Lateral hydrostatic loads are a direct function of water depth (see Figure
5-4). These loads can cause severe deflection or displacement of build-
ings or building components if there is a substantial difference in water
levels on opposite sides of the component (or inside and outside of the
building). Hydrostatic loads are balanced on foundation elements of
elevated buildings, such as piers and columns, because the element is
surrounded by water. If not oriented parallel to the flow of water, shear-
walls may experience hydrostatic loads due to a difference of water depth
on either side of the wall. To reduce excessive pressure from standing
water, floodplain management requirements in flood zones known as “A
zones” call for openings in walls that enclose areas below the flood eleva-
tion (see description of continuous perimeter wall foundation in Section
5.3.4 and description of flood zones in Section 5.1.5.2).

Buoyancy force resulting from the displacement of water is also of con-
cern, especially for dry floodproofed buildings and aboveground and
underground tanks. Buoyancy force is resisted by the dead load of the
building or the weight of the tank. When determining buoyancy force,
the weight of occupants or other live loads (such as the contents of a
tank) should not be considered. If the building or tank does not weigh
enough when empty, then additional stabilizing measures need to be
taken to avoid flotation. This becomes a significant consideration for de-
signs intended to dry floodproof a building (described in Section 5.3.5).
Buoyancy force is slightly larger in saltwater, because saltwater weighs
slightly more than fresh water.
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Figure 5-4: Hydrostatic loads on buildings

5.1.3.2 Hydrodynamic Loads

Water flowing around a building or a foundation structural element be-
low the flood level imposes hydrodynamic loads. The loads, which are a
function of flow velocity and structure geometry, include frontal impact
on the upstream face, drag along the sides, and suction on the down-
stream side (see Figure 5-5). Breaking waves also impart hydrodynamic
loads. Ways to determine or estimate flood velocities are described in
Section 5.1.4.3 (riverine) and Section 5.1.4.4 (coastal).

Negative Pressure/Suction on Downstream Side

Building or
Building Elemen
T — -

Figure 5-5: Hydrodynamic loads on a building or building element
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The most common computation methods for hydrodynamic loads are
outlined in the design standard ASCE 7, produced by the American
Society of Civil Engineers’ Structural Engineers Institute (ASCE/SEI).
These methods assume that the flood velocity is constant (i.e., steady
state flow) and the hydrodynamic loads are then determined according
to the principles of fluid mechanics or hydraulic models. For practical
applications, hydrodynamic loads become important when flow reaches
moderate velocities of 5 feet per second. Drag coefficients for common
building elements, such as columns and piers, can be found in a number
of sources and ASCE 7 recommends values for a variety of conditions.

Wave loads are another important component of hydrodynamic loads.
As described in ASCE 7, “design and construction of buildings and oth-
er structures subject to wave loads shall account for the following loads:
waves breaking on any portion of the building or structure; uplift forces
caused by shoaling waves beneath a building or structure, or portion
thereof; wave runup striking any portion of the building or structure;
wave-induced drag and inertia forces; and wave-induced scour at the
base of a building or structure, or its foundation.”

Wave forces striking buildings and building elements can range from 10
to more than 100 times wind or other forces. Forces of this magnitude
can be substantial, even when acting over the relatively small surface area
of the supporting structure of elevated buildings. Post-storm damage
inspections show that breaking wave loads overwhelm virtually all wood-
frame and unreinforced masonry walls below the wave crest elevation.
Only engineered or massive structural elements are capable of consis-
tently withstanding breaking wave loads.

The magnitude of wave forces provides the rationale for the floodplain
management requirement that the bottom of the lowest horizontal
structural member be at or above the design flood elevation (DFE) in
environments where high-velocity wave action from storms or seismic
sources is possible (called “V zones,” also referred to as Coastal High
Hazard Areas). In V zones, breaking wave heights or wave runup depths
are predicted to be 3 feet or higher. Because breaking waves as small as
1.5 feet in height can impose considerable loads, there is a growing aware-
ness of the value of accounting for waves in areas immediately landward of
V zones, which are referred to as “Coastal A Zones” (see Section 5.1.5.3).

Of the variety of wave forces described in ASCE 7—breaking waves,
uplift, wave runup, wave-induced drag and inertia, and scour—break-
ing waves constitute the greatest hazard. Designers should therefore
use breaking wave forces as the basis of the design load. Computation
of breaking wave loads depends on the determination of wave height.
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For more information on estimating wave heights, see Section 5.1.4.1.
Designers should refer to ASCE 7 for detailed discussion and computa-
tion procedures for determining breaking wave loads.

Breaking wave loads on vertical walls or supporting structural members
reach a maximum when the direction of wave approach is perpendicular
to the wall. It is common to assume that the direction of approach will be
perpendicular to the shoreline, in which case the orientation of the wall
to the shoreline will influence the direction of approach used in load
calculations. ASCE 7 provides a method to reduce breaking wave loads
on vertical walls when waves are expected to approach a building from a
direction other than straight on.

Breaking wave forces are much higher than typical wind pressures, even
wind pressures that occur during a hurricane or typhoon. However, the
duration of individual loads is brief, with peak pressures probably oc-
curring within 0.1 to 0.3 seconds after the wave breaks. Structures are
to be designed for repetitive impact loads that occur over the duration
of a storm. Some storms may last just a few hours, as hurricanes move
through the area, or several days, as during some winter coastal storms
(nor’easters) that affect the Mid-Atlantic and northeastern States.

5.1.3.3 Debris Impact Loads

Debris impact loads on a building or building element are caused by ob-
jects carried by moving water. Objects commonly carried by floodwaters
include trees, trash containers, outdoor furniture, storage sheds, dis-
lodged tanks, and remnants of manmade structures such as docks and
buildings. Extreme impact loads result from less common sources, such
as shipping containers, boats, and barges. The magnitude of these loads
is very difficult to predict, yet some reasonable allowance for the possibil-
ity of debris impacts should be made during the design process.

Impact loads are influenced by the location of the building in the po-
tential debris stream. The potential for debris impacts is significant if a
building is located immediately adjacent to, or downstream from, other
buildings, among closely spaced buildings, or downstream of large float-
able objects. While these conditions may be observable in coastal areas,
estimating the potential for debris is more difficult in riverine flood haz-
ard areas. Any riverine waterway, whether a large river or smaller urban
stream, can carry large quantities of debris, especially uprooted trees
and trash.

The basic equation for estimating the magnitude of impact loads de-
pends on the values of several variables, which must be determined by
the designer. These variables include several coefficients, building or
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building element stiffness, debris weight, debris velocity, and duration of
impact. The latter three variables, described in more detail in ASCE 7,
are briefly described below.

Debris weight: Debris weight is one of the more difficult variables to
estimate. Unless otherwise indicated by field conditions, ASCE 7 rec-
ommends using an average object weight of 1,000 pounds. This weight
corresponds to a 30-foot long log that is 1 foot in diameter, which is
relatively small compared to large trees that may be uprooted during a
flood. In coastal areas, expected debris weights depend on the nature of
the debris. In the Pacific Northwest, large trees and logs are common,
with weights in excess of 4,000 pounds. In areas where piers and pilings
are likely to become debris, 1,000 pounds is reasonable. In areas where
most debris is likely to result from building damage (failed decks, steps,
failed walls, propane tanks), the average debris weight may be less than
500 pounds.

Debris velocity: The velocity of the debris when it strikes a building de-
pends on the nature of the debris and the velocity of floodwaters. For
the impact load computation, the velocity of the waterborne object is
assumed to be the same as the flood velocity. Although this assumption
is reasonable for smaller objects, it is considered conservative for large
objects.

Debris impact duration: Duration of impact is the elapsed time during
which the impact load acts on the building or building element. The
duration of impact is influenced primarily by the natural frequency' of
the building or element, which is a function of the building’s stiffness.
Stiffness is determined by the properties of the material, the number
of supporting members (columns or piles), the height of the building
above the ground, and the height at which the element is struck. De-
spite all the variables that may influence duration of impact, an early
approach suggested assuming a l-second duration. A review of results
from several laboratory tests that measured impacts yielded much briefer
periods, and ASCE 7 currently recommends the duration of 0.03 second.

5.1.3.4 Erosion and Local Scour

Strictly speaking, erosion and scour are not loads; however, they must be
considered during site evaluation and load calculations because they in-
crease the local flood depth, which in turn influences load calculations.

Erosion may occur in riverine and coastal flood hazard areas. In coastal
areas, storms can erode or completely remove sand dunes, which act as

1 Natural frequency is the frequency at which an object will vibrate freely when set in motion.
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barriers to flooding and damaging waves. Erosion may also lower the
ground surface or cause a short-term or long-term recession of the shore-
line. In areas subject to gradual erosion of the ground surface, additional
foundation embedment depth can mitigate the effects. However, where
waterways are prone to changing channels and where shoreline erosion
is significant, engineered solutions are unlikely to be effective. Avoidance
of sites in areas subject to active erosion is usually the safest and most
cost-effective course of action.

Local scour results from turbulence at the ground level around founda-
tion elements. Scour occurs in both riverine and coastal flood hazard
areas, especially in areas with erodible soils. Determining potential scour
is critical in the design of foundations, to ensure that the bearing capac-
ity or anchoring resistance of the soil around posts, piles, piers, columns,
footings, or walls is not compromised. Scour determinations require
knowledge of the flood depth, velocity, waves, soil characteristics, and
foundation type.

At some locations, soil at or below the ground surface can be resistant
to local scour, and calculated scour depths based on unconsolidated sur-
face soils below will be excessive. If the designer believes the underlying
soil at a site may be scour-resistant, a geotechnical engineer or geologist
should be consulted.

5.1.4 Design Parameters

Flood hazards and characteristics of flooding must be identified to
evaluate the impact of site development and to determine the design
parameters necessary to calculate flood loads, to design floodproofing
measures, and to identify and prioritize retrofit measures for existing
schools. Table 5-3 in Section 5.6 outlines a series of questions to facilitate
this objective.

5.1.4.1 Flood Depth

Flood depth is the most important factor required to compute flood
loads because almost every other flood load calculation depends direct-
ly or indirectly on this factor. The first step in determining flood depth
at a specific site is to identify the flood that is specified by the building
code or floodplain management regulations enforced by the governing
authority. The most common flood used for design is the “base flood”
(see Section 5.1.4.2). ASCE 24 provides clear direction on identifying
the regulatory flood. Local regulations and requirements should be
compared to ASCE 24 and the most restrictive condition should be fol-
lowed. The second step is to determine the expected elevation of the
ground at the site. This expected ground elevation must account for any
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Figure 5-6:

Definition sketch -
coastal wave height and
stillwater depth

erosion, scour, subsidence, or other ground eroding condition that
occurs over time. Flood depth is computed by subtracting the ground
elevation from the flood elevation. Since these data are usually ob-
tained from different sources, determining whether they are based on
the same datum is important. If not, standard datum corrections must
be applied.

In coastal areas, the flood elevations shown on FEMA flood maps ac-
count for stillwater flooding plus local wave effects, including wave
heights, wave runup, or wave overtopping over vertical walls. As shown
in Figure 5-6, subtracting the ground elevation from the FEMA flood
elevation results in the flood depth which is comprised of the stillwater
component and the predicted wave contribution.

Wave Crest

Wave
Height*
Wave Trough
Flood Stillwater
Depth** Depth
A A
S LS

Ground (or Eroded Ground) Elevation

* Maximum wave height is 78 percent of stillwater depth
** Flood depth including waves is 55 percent greater than the stillwater depth

For design purposes, it is important to know that wave forces on build-
ings cause the most damage. FEMA has identified V zones (velocity
zones) on coastal flood maps, where wave heights or wave runup depths
are predicted to be 3 feet or greater (see Section 5.1.5.2). However,
post-disaster assessments and laboratory studies have shown that waves
heights as small as 1.5 feet can also cause significant damage. While
FEMA flood maps do not specifically designate flood hazard areas sub-
ject to 1.5- to 3-foot waves, referred to as “Coastal A Zones” (see Section
5.1.5.3), these smaller waves and their potential damaging effects on
buildings should still be considered.
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Figure 5-6 also illustrates the two main principles
used to estimate wave heights at a particular site.
Equations for wave height are based on the concept
that waves are depth-limited, that is, waves propa-
gating into shallow water will break when the wave
height reaches a certain proportion of the under-
lying stillwater depth. For modeling wave heights
during the base flood, FEMA utilizes the propor-
tion first determined by the National Academy of

Waves and storm-induced erosion are
most common in coastal areas. However,
wide rivers and lakes may experience
wind-driven waves and erodible soils are
found throughout the United States. For
more information about waves and erosion,
refer to FEMA 55, Coastal Construction
Manual (2000).

Sciences (1977): the total wave height will reach a

maximum of 78 percent of stillwater depth before

breaking. At any given site, this proportion may be reduced because of
obstructions between open water and the site, such as dense stands of
vegetation or unelevated buildings. In V zones, 3-foot waves can be sup-
ported in only 4 feet of stillwater and 1.5-foot waves can be supported
in only 2 feet of stillwater depth. The second principle is that the wave
height extends from the trough, which is below the stillwater elevation,
to the crest, which is above the stillwater elevation, and is equal to 55 per-
cent of this stillwater depth.

Using these two principles, some general rules of thumb are available
to estimate wave heights. If the only information available is the base
flood depth (i.e., the flood depth calculated using the FEMA flood
map elevation minus the ground elevation), assume that flood depths
between 3 and 6 feet can have an added wave-height component be-
tween 1.5 and 3 feet, while flood depths of 6 feet or more will likely
have wave heights in excess of 3 feet. If only the stillwater flood depth
is known (from an alternative surge map or other data source), the
maximum flood depth (including wave height) will be approximately
1.5 times t